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Preface 
Atmospheric aerosols are defined as tiny particles either in the solid phase 
or the liquid phase or as a mixture of both (a solid core covered with a liquid 
envelope) suspended in air.  The importance of atmospheric aerosols relies 
mainly on their interaction with solar radiation and consequent effects on Earth’s 
climate system. Aerosols are generated by a variety of natural and anthropogenic 
mechanism, both directly and indirectly; while they are removed by sedimentation 
(dry deposition) and washout (wet removal). During their lifetime in the 
atmosphere, aerosols also undergo transformation in their physical and chemical 
properties with consequent impact on their effects. Thus, the aerosol properties 
and effects show large variation in space and time. Moreover, the combined 
effects of generation, sustenance and removal mechanism make the 
atmospheric aerosols generally polydispersive. Particles of different sizes co-
exist in the atmosphere. The size spectrum runs well over four decades, from   
10–3 µm to ~102 µm. This wide size spectrum makes the aerosols a complex 
species and several techniques are required to characterize them. Different 
instrumental setups used for these studies include both active and passive 
remote sensing techniques. Multi wavelength sun photometer has been one of 
the instruments used as an effective passive remote sensing means to determine 
the spectral transmission characteristics of the atmosphere. After subtracting the 
effects due to molecular scattering and absorption features, one can estimate the 
spectral attenuation characteristics of aerosols. By applying the Mie theory to the 
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spectral features of optical effects of aerosols, it is possible to derive the size 
distribution of aerosols. 
In India, under the IMAP programme, multi wavelength radiometers were 
developed and deployed at Trivandrum, Mysore and Vishakapatnam, which is 
monitoring AOD for the past one decade (Krishna Moorthy et al, 1999) as a part 
of Indian Middle Atmosphere Programme (IMAP). They are all at low latitudes in 
southern India. Recently, AOD monitoring has been started at other places also 
like Jodhpur, Indore and Udaipur in central India (Pandey and Vyas, 2001; Gupta 
et al, 2003). Aerosol studies using the sophisticated LIDAR system has been 
undertaken at Mt. Abu by Jayaraman et al (1998). Recent studies suggest that 
tropospheric aerosols contribute substantially to radiative forcing and that 
anthropogenic sulphate aerosols and soot particles, in particular, have imposed 
major perturbations to this forcing (Satheesh et al, 2000). In view of the high 
variability due to orographic, marine, desert etc influence on aerosol parameters, 
it is desirable to monitor from different locations in the same region. In 
Saurashtra region there has not been any measurements of aerosols and water 
vapour although IMD measurements of relative humidity may exist. Therefore a 
systematic investigation of these quantities from Rajkot is highly desirable, which 
is attempted in this thesis. 
This thesis deals with the results of investigation of aerosol characteristics 
obtained using a multi wavelength sun photometer. Rajkot (22o18′ N, 70o44′ E, 
142 m above sea level) is a semi-arid tropical Indian station situated near the 
Arabian Sea in the Saurashtra region of Gujarat. It is a major residential and 
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Industrial area. AOD at six different wavelengths (330, 440, 500, 675. 870 and 
1020 nm) are measured using two hand held microprocessor based sun 
photometers [MICROTOPS-II (version 2.43 & 5.5)] in the premises of Physics 
Department (Saurashtra University) located on the outskirts of the city. However 
there is no major industry nearby. The AOD at 1020 nm for the period July 2004 - 
February 2008 and at five other wavelengths ranging from 380 nm to 870 nm for 
March 2005 – February 2008 is regularly measured, analysed and the results are 
presented in this thesis which will comprise of six chapters.  
The contents of these six chapters are summarized as follows: 
As a background to the thesis, Chapter 1 gives introduction of 
atmospheric aerosols, their production mechanisms (natural and anthropogenic), 
their classification on the basis of their sizes and different origins and their role in 
different atmospheric phenomena. This chapter also includes a general overview 
of literatures related to aerosol research in India and elsewhere. A very brief 
introduction of the importance and scope of the study to our day to day life has 
been discussed.  
Chapter 2 describes the measurement techniques and a general 
description of the instrument used for this work. The method used to obtain the 
Aerosol Optical Depth (AOD) and columnar size distributions from spectral AOD 
measurements have been discussed.  Lambert-Beer-Bouguer law to derive AOD 
and Langley plot technique to derive the solar radiation intensity at the top of the 
atmosphere have also been discussed. To characterize the aerosol physical and 
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optical properties, the parameters like aerosol optical depth, wavelength 
exponent and turbidity coefficient are derived. 
 Chapter 3 describes the observations and the results obtained for the 
day to day and seasonal variations of AOD, wavelength exponent  α and turbidity 
coefficient β over Rajkot during the observation period of three years i.e. from 
March 2005- February 2008.  
The well known technique in aerosol studies is linear inversion technique 
to estimate size distribution of aerosols. Using this technique, the size distribution 
and effective radius of aerosol during different months are presented and 
discussed in Chapter 4.  
Two dust storm events observed from Rajkot during 7-8 April 2005 and 
10-12 April 2006 are studied using sun photometer. The results are described in 
Chapter 5.  
A brief summary and future work that have emerged from this are given in 
the last chapter, Chapter 6.     
 
The thesis enlists the references to literature used in the study. 
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CHAPTER 1   
AN OVERVIEW OF ATMOSPHERIC AEROSOLS 
 
 
1.1.  Introduction 
In general aerosols are defined as a suspension of fine solid or liquid 
particles in a gas. Some of the common aerosol systems are smoke, haze, fog 
and smog. Smoke is a cloud of particles produced by burning of oil, wood, coal or 
other carbonaceous fuels. Haze is a system of particles which are grown to large 
sizes by water vapour condensation on it. Since the haze contains larger 
aerosols, it can reduce the visibility. Fog is a collection of small liquid droplets 
containing H2O. When these particles collide with each other and combine 
together to form large droplets (radius>100µm), they can appear as drizzle or 
even rain. The combination of smoke and fog is known as smog. There are 
several manifestations of atmospheric aerosols which are seen in our day to day 
life. 
 
1.2.  Atmospheric Aerosols 
Atmospheric aerosols are small airborne particles with diameters in the 
range from a few nanometers to tens of micrometers. The smallest aerosols can 
be defined as thermodynamic stable clusters of gas molecules while the largest 
are called droplets. The atmospheric aerosols are often referred to as 
atmospheric particulate matter, PM. 
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 Aerosols produce a variety of atmospheric effects. In the lower 
troposphere they are important in the formation of fog, mist and clouds, besides 
affecting visibility, whereas in the upper regions they produce chemical and 
electrical effects. These effects are the result of aerosol interaction with radiation. 
The history of aerosol science is rich and long as a result of the easily observed 
phenomena. However, the 18th Century is said to mark the beginning of modern 
scientific thinking of aerosols (Husar, 2000). During this period, one finds theories 
about primary and secondary aerosols being developed. As early as in 1784 
Franklin reported that volcanic aerosols may have caused “the year without 
summer” in 1783. In the same year Marcorelle reported his observations and 
theories of springtime fog (Franklin, 1784; Marcorelle, 1784). He noted that 
springtime warming causes the emission of fermentation products to the 
atmosphere. He further suggested that sunshine evaporated the water leaving 
only solid particles that constitute the springtime “dry fog”. Conceivably, this 
theory is consistent with the current thinking regarding the biogenic emissions 
(Husar, 2000). 
Present atmosphere contains a wide range of aerosols and the total 
tropospheric aerosol burden is observed to have increased since pre industrial 
times (IPCC, 2001). The atmospheric aerosols are characterized by extensive 
variation in composition, size, physical characteristics, latitudinal and altitude 
distributions.  
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1.3.  Sources of Atmospheric Aerosols 
 Atmospheric aerosols are produced by various processes. The aerosol 
sources can be of terrestrial or extra-terrestrial origin. Though the contribution 
from the extra-terrestrial sources is less, they are important in the stratosphere. 
Aerosols from terrestrial sources are of natural or anthropogenic origin; the 
aerosol sources can be primary or secondary depending on whether the particles 
are produced directly or indirectly in the atmosphere. The primary or direct 
sources of aerosols are mostly of natural origin including inter-planetary dust 
(meteoritic debris), terrestrial dust and sea-salt aerosols. Secondary or indirect 
sources include the chemical reactions which convert the natural and man made 
atmospheric gaseous species into solid or liquid particles. This process of phase 
change is called gas-to- particle conversion. Generally particles produced by 
gas-to-particle conversion are below ~0.1 µm in radius. The gaseous precursors 
are mainly compounds of sulphur, nitrogen and organic compounds such as 
terpenes. The aerosols of terrestrial origin are formed mainly by two mechanisms 
(i) mechanical disintegration processes and (ii) gas-to-particle conversion 
processes. 
 
1.3.1.  Mechanical Disintegration 
The fine soil and sand particles become airborne by the action of wind. Over a 
rough terrain, the presence of irregular soil and sand particles causes the 
turbulent motion to prevail at the surface. Such process picks up the particles 
from the surface to the atmosphere. Investigations on the aerodynamic pickup of 
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aerosols from the earth’s surface by wind action have shown that the threshold 
wind velocity for direct aerodynamic pickup of soil particles is a strong function of 
particle size. Investigators have found that wind speeds above 0.5 ms-1 are 
capable of picking up and keeping the airborne soil particles as large as r~2 µm 
in size (Gillette, 1978). Another type of mechanical production of aerosols is from 
the ocean waves which produce spray droplets at their crests during strong wind 
conditions (U> 10ms-1). At low wind speeds bubbling occurs as a result of 
entrainment of air by breaking waves. The aerosols produced by the bursting air 
bubbles forms another kind of natural aerosols. Many types of organic particles 
like pollens, seeds, spores and leaf fragment released by the plants and 
distributed by various atmospheric circulation systems forms another kind of 
primary aerosol source particularly over forest areas and regions containing thick 
vegetation. 
 
1.3.2.  Gas-to-Particle Conversion 
The particles in the atmosphere can be produced by the nucleation of low 
volatile gases mainly produced as a result of industrial operations, forest fires 
etc. this process is called gas-to-particle conversion. Gas to particle may occur 
by heterogeneous or homogeneous nucleation. In homogeneous nucleation the 
precursor gases directly form new particles whereas in heterogeneous nucleation 
the precursor gases condense on the surface of the existing particles. For 
homogeneous nucleation to occur high super saturation is required. 
Heterogeneous nucleation occurs with aerosols with sufficient surface area. 
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Aerosols in the radius range 0.1 to 1 µm are capable of acting as condensation 
sites. Aerosols produced by homogeneous nucleation cover a wide range of 
sizes but majority of them cover the Aitken particle range(r<0.1µm).chemical 
reactions between various gaseous species also result in the gas-to-particle 
conversion mostly catalysed by ultra violet radiation from the sun. Since the 
particles produced by gas-to-particle conversion are hygroscopic in nature, they 
can act as condensation nuclei for the formation of clouds. The major 
components involved in the process of gas-to-particle conversion are sulphur and 
nitrogen bearing gases. 
The sulphur bearing precursor gases in the atmosphere are of both 
natural and anthropogenic origin, the sulphur compounds of natural origin include 
that originating from the biosphere and that injected by volcanoes and the man 
made sources include the industrial activities. The major sulphur compounds in 
the atmosphere are sulphur dioxide, hydrogen sulphide, carbon disulphide, 
carbonyl sulphide and dimethyl sulphide. The oxidation of these sulphur 
compounds is photo chemically induced and depends on the amount of ultra 
violet radiation. Since UV radiation is amply available in the stratosphere photo 
oxidation of these compounds are likely in the stratosphere. In the troposphere 
these are oxidized mainly by OH radical possibly within the clouds. Some of the 
gas-to-particle conversion processes involving sulphur and nitrogen compounds 
are explained below. 
In the troposphere sulphur dioxide and subsequently sulphuric acid is 
formed by three body collisions of the form,  
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SO2+O +M → SO3+M                                                           ……..1.1 
where M is a chemically neutral gas molecule like N2. Once formed SO3 is 
immediately converted to H2SO4 by the water content of the atmosphere. 
SO3+H2O → H2SO4                                                              ……..1.2 
Apart from the anthropogenic activities, nitrogen-bearing gases in the 
atmosphere are produced mainly by the microbial processes in soils and natural 
water. The major nitrogen compound in the atmosphere is nitrous oxide (N2O), 
which decomposes into nitrogen and nitric oxide (NO). Nitric oxide quickly 
oxidized to nitrogen dioxide (NO2) by reacting with ozone. NO2 reacts with OH 
and forms HNO3. This series of reactions are given below. 
2N2O→N2+2NO                                                                   ……..1.3 
NO+O3 →NO2+O2                ……..1.4 
NO2+OH→HNO3             ……..1.5 
Nitric acid is also formed by the following reaction. 
2NO+O2→2NO2                ……..1.6 
2NO2+H2O→HNO2+HNO3           ……..1.7 
 
1.4.  Composition of Aerosols 
In recent years progress has been made towards the possibility to 
estimate the anthropogenic part of the aerosols using a combination of satellite 
data, aerosol model and information on industry, agricultural activities and fire 
practices (Kaufman et al., 2002). The composition and the microphysical 
properties of the aerosols are mainly determined by their sources although other 
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factors also significantly influence the aerosol characteristics. Since aerosols 
produced from different natural and anthropogenic activities are mixed together 
and hence each aerosol particle is a composite of different chemical constituents. 
Chemical composition of aerosols determines their complex (contain real and 
imaginary parts) refractive index. Particle refractive index is an important 
parameter while determining its radiative effects.  The real part determines its 
scattering properties and the imaginary part determines the absorption 
characteristics. The chemical composition and hence refractive index depends 
on the source of particles. The real part of the refractive index usually lies in the 
range 1.3 to 1.6  and imaginary part varies over several orders of magnitude from 
about 5×10-9 to 5×10-1. Particles originating from combustion (burning) processes 
usually have high absorption properties and hence high imaginary part of 
refractive index. Aerosols, in general, consist of sulfates, nitrates, sea-salt, 
mineral dust, organics, carbonaceous components (often called soot) etc. Some 
examples of the different atmospheric aerosols observed will be mentioned 
briefly here classified by the different sources and by terms commonly used in 
the literature.  
 
1.4.1.  Sea-Salt Aerosols 
Sea-salt particles are produced over the sea mainly by the processes 
associated with the bursting of bubbles (Hoppel et al., 1990; Fitzgerald, 1991; 
Parameswaran et al., 1995; Moorthy et al., 1997; Moorthy and Satheesh, 2000). 
When there are very strong winds with speeds, U>10ms-1 direct sea- spray 
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production takes place by the breaking of wave crests. At moderate wind speeds 
of ~3-5 ms-1 white capping occurs as the ocean surface waves overturn. The air 
trapped by these waves produces a large number of air bubbles in the near sea 
surface. Bubbles of air reaching the air sea interface burst and eject liquid 
droplets into the marine atmosphere. These are called jet droplets. During 
bursting of bubbles the break up of the bubble film produces a shower of very 
small particles called film droplets. After production the sea water droplet starts 
evaporation in order to maintain equilibrium with the ambient relative humidity 
(RH). Depending on the RH, the particle can exit either as solution droplet or 
crystalline matter. Extensive measurements of sea-salt aerosols revealed that 
the bubble production at the sea surface and hence the concentration of sea-salt 
particles depends strongly on wind speed at the sea surface.  
 
1.4.2.  Non-Sea-Salt (oceanic) Sulfate Aerosols 
 The main source of non-sea-salt sulphate (NSS) aerosol is form the gas-
to-particle conversion of sulfur bearing gases. The sulfur compounds present 
over the remote oceans can be of marine or continental origin, almost all species 
of marine phytoplankton release dimethyl sulphide (DMS), which gets oxidized by 
different radicals (like OH, in presence of solar UV)to form SO2 (Charlson et al. , 
1987; Clarke, 1993; Lawrence, 1993; Russell et al., 1994). The NSS particles 
present in the marine boundary layer are hygroscopic (water active) in nature 
and play an important role in acting as cloud condensation nuclei. An increase in 
the marine DMS emission increases the number density of cloud droplets, which 
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result in an increase in cloud albedo (reflectance). This enhancement in cloud 
albedo reduces global temperature and lower temperature in turn reduces 
productivity and emission of marine DMS. Thus a negative feedback mechanism 
exists which controls the production of NSS aerosols. 
 
1.4.3.  Sulfate and Nitrate Aerosols 
The main anthropogenic contribution to atmospheric sulphates is fossil 
fuel combustion and industry while for nitrates the main sources are soil release, 
fossil fuel combustion and agricultural activities. In addition, volcanic eruptions 
inject large amounts of dust and gaseous materials such as sulfur dioxide into 
the stratosphere where sulfur dioxide is gradually converted into sulfuric acid 
aerosols. Ammonia is typically also emitted from agricultural activities (Seinfeld 
and Pandis, 1998). Since the removal mechanisms such as rain do not affect 
stratosphere, these aerosols remain there for several years. 
The sulfur bearing precursor gases in the atmosphere are of both natural 
and anthropogenic origin. The sulfur compounds of natural origin include that 
originating from the biosphere (e.g., DMS) and that injected by volcanoes and the 
man made sources include the industrial activities. The major sulfur compounds 
in the atmosphere are sulfur dioxide, hydrogen sulfide, carbon disulfide, carbonyl 
sulfide and dimethyl sulfide. The oxidation of these sulfur compounds are photo 
chemically induces and depends on the amount of ultra violet radiation. Since UV 
radiation is amply available in the stratosphere, photo oxidation of these 
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compounds are likely in the stratosphere. In the troposphere these are oxidized 
mainly by OH radical.  
Anthropogenic activities produce nitrogen-bearing gases. The major 
nitrogen compound in the atmosphere is nitrous oxide (N2O), which decomposes 
into nitrogen and nitric oxide (NO). Nitric oxide gets quickly oxidized to nitrogen 
dioxide by reacting with ozone. NO2 reacts with OH and forms HNO3. 
 
1.4.4.  Mineral Dust 
Mineral dust aerosols are primary solid aerosols typically resulting from 
soil erosion and wind-transported dust from deserts and dry (semi-arid) regions. 
Dust is a mixture of quartz and clay minerals. The long–range transport of 
mineral dust by the combined action of convection currents and general 
circulation systems make these particles a significant constituent even at 
locations far from their sources. For e.g., several investigations have observed 
Saharan dust even at remote locations of the Atlantic Ocean thousands of 
kilometers away from source. Similarly large scale transport of dust occurs from 
Africa to South Indian Ocean, from west Asia (Arabian region, Afghanistan etc) to 
Arabian sea, from china across the pacific, from Australia over to Indian Ocean, 
to site the other major transport processes (Prospero et al.,1983; Uematsu et 
al.,1983; Tyson et al., 1996; Kaufman et al., 2000; Moorthy and Satheesh, 2000; 
Satheesh and Srinivasan, 2002). Since these particles are generated at the 
earth’s surface, they are mainly confined within the troposphere. Since the 
composition of the soil varies locally, the mineral aerosols derived from soil 
 11
exhibit high variability in their radiative effects. Examples of the compositions of 
mineral aerosols from different regions are listed by Seinfeld and Pandis (1998). 
 
1.4.5.  Organic aerosols 
Organic aerosols are produced mainly by gas-to-particle conversion 
processes. These aerosols contain a wide class of organic compounds resulting 
from both primary emissions as well as secondary formation from pre-cursor 
gases (Seinfeld and Pandis, 1998). The characterization of the carbon-containing 
fraction is a challenging topic due to the wide range of compounds present and 
the organic compounds typically constitute 10 - 70 % of the total fine particle 
mass (Turpin et al., 2000). Although organic compounds are a major fraction of 
the ambient aerosol mass, only a minor fraction is identified at the molecular 
level. Recently polymers were suggested to be a central component in organic 
aerosols (Kalberer et al., 2004). The aerosol organic carbon is often divided in 
two different fractions: water soluble organic carbon (WSOC) and non water 
soluble organic carbon. WSOC often constitutes over 70 % of the aerosol organic 
carbon (OC) and the relative amount depends on the source and location 
(Zappoli et al., 1999). The main contributors to both organic fractions are fossil 
fuel combustion, cooking, biomass burning and natural emissions of organic 
precursors (Rogge et al., 1998; Rogge et al., 1993; Turpin et al., 2000). Organic 
aerosols, unlike the other species, are a collective term which refers to a large 
number of individual compounds. Each individual compound has a different 
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characteristic in terms of their radiative effect. Since they are volatile, its 
sampling is difficult compared to other species. 
 
1.4.6.  Carbonaceous Aerosols (Soot) 
Soot may often be referred to as black carbon or elemental carbon, 
essentially determined by the technique used to observe the aerosols. When 
absorption or scattering techniques are used the common term is black carbon. 
This is the most relevant term with respect to climate. Black carbon containing 
aerosols are of particular interest as this is the only aerosol component, which is 
known to significantly absorb solar radiation and thereby increase the global 
mean surface temperature (IPCC, 2001). Its absorption properties depends on 
the amount of graphitic carbon present which varies depending on whether the 
aerosol is produced after being completely burned or not. The single scattering 
albedo can vary from 0.02 (almost completely absorbing) to 0.3 (partly 
absorbing) depending on the amount of graphitic carbon. Black carbon is mainly 
formed in fossil fuel combustion and biomass burning and these aerosols are 
generally referred to as primary aerosols. Organic compounds are often present 
in the same mixed aerosols. Biomass burning is one of the major sources of the 
mixed black carbon (fine carbonaceous material) and organic compound 
aerosols. The aerosols often consist of a large water soluble organic compound 
fraction, 45-75 % consisting mostly of mono-, di- and poly-carboxylic acids and 
aromatic acids (Kubatova et al., 2000; Mayol-Bracero et al., 2002). The ageing of 
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these initially hot aerosols are of particular interest and they are believed to be 
efficient cloud condensation nucleus. 
 
1.4.7.  Biogenic Aerosols 
Biogenic aerosols are produced by oxidation of biogenic emissions like 
terpenes. The aerosols are characterized by low molecular weight (LWM) 
hydrocarbons and different di-carboxylic acids and aromatic acids (Jaoui and 
Kamens, 2003). They are present particularly in forest regions. Recently photo-
oxidation of isoprene is thought to contribute in the formation of the secondary 
organic aerosols (Claeys et al., 2004). 
 
1.5.  Classification of Aerosols 
Depending on the source and production mechanism, aerosol size varies 
and extends from 10-3 to 102 µm. the lower limit is the transition range from air 
molecules to aerosol particles. Particles larger than 100 µm cannot remain 
suspended in air for long periods. Depending on the size, aerosols are broadly 
classified into three categories (1) Nucleation mode or Aitken mode 
(radius~0.001 to 0.1µm), (2) Accumulation mode (radius~0.1 to 1.0 µm) and (3) 
Course mode (radius >1.0 µm). The nucleation mode aerosols are produced 
mainly by the nucleation of volatile gases, a process known as gas-to-particle 
conversion in the atmosphere; the accumulation mode by coagulation (a process 
in which two of more aerosols combine together to form a single larger aerosol) 
and growth of nucleation mode aerosols by condensation of water vapour and 
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coarse mode aerosols directly by mechanical processes (e.g., action of winds on 
aerosols). 
Depending on the particle shape, the aerosol particles are divided into 
three categories. They are (1) Isometric particles, which have all the three 
dimensions roughly, equal (eg. Spherical, Polyhedral etc) (2) Platelets having two 
long dimensions compared to the third dimension (eg., leaf fragments) and (3) 
Fibers with one long dimension compared to other two dimensions (eg., thread 
like materials). Either particle radius or diameter has been usually used to 
describe the particle size. But, since aerosols are poly-dispersed system with 
different particle shapes, there are different ways for defining the particle size. 
Two earlier used parameters are Martin’s diameter and Ferret’s diameter. 
Martin’s diameter is the length of the line that separates each particle into two 
equal portions where as Ferret’s diameter is the maximum distance from edge to 
edge of each particle. Since these measurements vary with orientation of the 
particle, diameter can also be defined in terms of particle settling velocity. 
Aerodynamic diameter of a particle is the diameter of a sphere of unit density 
having the same settling velocity as that of the particle. 
Aerosols of different size ranges are important for different atmospheric 
processes. Broadly, nucleation mode aerosols are important in atmospheric 
electricity, accumulation mode significantly influences the visible solar radiation 
and coarse mode particle can act as cloud condensation nuclei. For particles in 
the size range from 0.01 to 0.1 µm the average lifetime is typically a few days. 
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Particles larger than 100 µm cannot remain suspended in air for long periods 
because of gravity.  
 
1.6.  Aerosol Removal Processes 
The major processes, removing aerosols from the atmosphere, are dry 
deposition or sedimentation (fall under gravity) and wet removal (rain out and 
washout). Sedimentation or fall out is the fall of aerosols under gravity. The 
falling particles are disturbed by the atmospheric circulation systems. In calm 
atmospheric conditions, the falling particles attain a terminal velocity when 
gravitational force is balanced by the opposing force due to viscous drag by air. 
The fall velocity and diffusion coefficient, are basic parameters which determine 
the dry removal rate. For particles much larger than air molecules, the fall 
velocity is given by,  
V=mgB             ……..1.8 
where m is the particle mass, g is the acceleration due to gravity and B is the 
particle mobility defined as the velocity per unit driving force. 
B= D/kT             ……..1.9 
Where D is the diffusion coefficient, k is the Boltzman’s constant, and T is the 
absolute temperature. The particle mobility decreases as the air density 
increases, thus, the mobility is lower in lower atmosphere where the atmosphere 
is denser and mobility increases with increase in altitude. Since the fall velocity is 
directly proportional to the particle mobility, at lower levels, the fall velocity is 
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directly proportional to the particle mass. Hence larger and heavier particle have 
higher fall velocity compared to finer and lighter ones. 
The removal of aerosols from the atmosphere by the falling raindrops or 
ice flakes is called rain out of wet deposition. There are two mechanisms 
involved. In the first case, which occurs within clouds and called in-cloud of 
nucleation scavenging, water vapour condenses on to the aerosols, forming 
droplets. Micro physical processes such as coagulation causes other adjacent 
particles to collide with and coalesce with these droplets and when they become 
sufficiently large and heavy, precipitation occurs. In the second case, which 
occurs below the cloud, called impaction scavenging, aerosol particles are 
captured by the falling raindrop or snow flakes and are removed along with the 
drops (Pruppacher and Klett., 1980). Since some of the particles (especially 
small aerosols) are probably pushed away by the air stream of the falling 
raindrops (or snow flakes) are not removed from the atmosphere. The efficiency 
of collection depends on both the rain drop size and particle size. Many particles 
merge with the falling drops and are removed from the atmosphere. The overall 
removal rate depends on both the rain drop size distribution as well as aerosol 
size distribution. 
In the presence of water vapor the aerosol particles are capable of acting 
as condensation nuclei for the formation of clouds. In this process of cloud 
formation, the aerosol particles are removed from the atmosphere and are 
carried away by the clouds as they are moved by the winds. This process is 
called wash out by clouds. Very small particles are not capable of acting as 
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condensation nuclei but will remain inside the cloud and are called ‘interstitial 
particles.’ The minimum size of the aerosol, which can act as cloud condensation 
nuclei depends on the degree of super saturation of air. Precipitation and 
impaction scavenging is a major removal process of atmospheric aerosols in the 
size range r>0.1 µm (Flossman et al., 1985) and gravitational settling becomes 
important for sizes exceeding ~1 µm. 
 
1.7.  Aerosol Transformation Processes 
There are different processes, which transform aerosol particles of one 
size to another size range. The major aerosol transformation processes are 
coagulation, condensation of water vapour on existing particles and the 
processing of aerosols by non-precipitating cloud cycles. Though these 
processes donot remove the aerosol mass from the atmosphere, and hence 
cannot be called removal mechanisms, they are capable of producing changes in 
the aerosol number-density size distribution and hence in their optical , radiative 
and environmental effects. Thus these processes are very important in aerosol 
science.  
 
1.7.1.  Coagulation 
At high aerosol concentrations, two or more aerosol particles collide and 
coalesce together to form one larger particle. This process of collision and 
coalescence is called coagulation mainly caused by the random movements and 
subsequent collision and coalescence of aerosol particles. For very small 
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particles (Aitken range), the Brownian motion produces random movements and 
subsequent collisions where as for larger particles random movements are 
caused by small-scale turbulences. Coagulation is mainly controlled by the 
diffusion coefficient of particles, which in turn is related to the particle mobility –
the average drift velocity of the particle per unit driving force. The coagulation 
coefficient for two particles of different radii r1 and r2 is given by,  
K= 4π(D1+D2)(r1+r2)           ……..1.10 
where D1 and D2 are the diffusion coefficients corresponding to particles 
with radii r1and r2. The value of k is minimum when r1= r2 and is maximum when 
r1 and r2 are widely separated. This indicates that the rate of coagulation is 
lowest when two coagulating particles are of same size, but increases with the 
degree of poly – dispersivity, the resultant particle radius r formed by coagulation 
of two particles of radii r1 and r2 respectively is  
r = (r13+r23)1/3           ……..1.11 
The factors favorable for coagulation are higher concentration and smaller 
particles sizes. As is evident from equation at least 8 particles of radius r1= r2 = r 
have to coagulate to give rise to one particle with a radius 2r. Thus coagulation 
rapidly reduces the number concentration of smaller aerosols and is the process 
limiting the lower end of the aerosol size spectrum. 
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1.7.2.  Effect of Relative Humidity 
Condensation of water vapour takes place on the aerosols with increasing 
relative humidity (ratio of the actual water vapour pressure of air to that when 
saturated) and evaporation of water present on the aerosols takes place with 
decreasing relative humidity. This means that physical parameters such as size, 
mean density, refractive index and hence the radiative properties of aerosols 
greatly depend on relative humidity (RH). The vapour pressure over a solution 
droplet is proportional to the product of vapour pressure of the pure solvent and 
the mole fraction of the solvent (1- mole fraction of the solute), according to 
Rault’s law. Thus for increasing the vapour pressure over an aerosol particle the 
mole fraction of the solvent has to be enhanced. This can be accomplished by 
the condensation of water vapour on the particle surface. Similarly evaporation of 
water from the surface of aerosols decreases the mole fraction of the solvent and 
hence the vapour pressure over the particle (droplet).as the relative humidity 
increases, to maintain the particle in equilibrium with the ambient RH, 
condensation takes place and conversely, as RH decreases evaporation takes 
place. Thus the aerosol particles grow as RH increases and shrink as RH 
decreases. However, the processes are not totally reversible (i.e., the 
evaporation and condensation do not follow the same path). Particle size at a 
given RH depends on whether RH is increasing or decreasing. The rate of 
growth in response to increase in RH is not equal to rate of shrink in response to 
decrease in RH. 
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1.7.3.  Aerosol Growth by Condensation  
Since most of the aerosols are in the sub micron range(r<1um), they 
present large amount of surface area. The condensations of vapours present in 
the atmosphere on these aerosols lead them to grow in size. The rate of 
condensation ultimately depends on the aerosol size and the concentration and 
diffusion coefficient of the vapour.  
 
1.7.4.  Effect of Non-precipitating Clouds 
Aerosols larger than a critical radius (rc) are capable of acting as 
condensation nuclei for the formation of clouds. The critical radius is determined 
by the super saturation. Aerosols, which are activated (r>rc) become cloud 
droplets while the others (r<rc) remain within the cloud as interstitial particles. For 
super saturation in the range 0.1 -0.4, the minimum aerosol size required to act 
as CCN is 0.04-0.09 µm. During the cycle of non-precipitating clouds, aerosol 
large enough to act as CCN grow because of condensation of vapour and 
agglomeration with smaller interstitial aerosols. After the evaporation of the cloud 
droplets, the resulting dry aerosols would be much larger than the initial one. 
 
1.8.  Aerosols and Climate 
Climate change over the last 150 years is assumed to be caused mainly 
by several anthropogenic perturbations of the atmospheric radiative balance with 
the increase in the greenhouse gases being the dominating process (IPCC, 
2001). Aerosols have a direct impact on the Earth’s radiative balance by 
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scattering and absorption of incoming solar and thermal radiation. In addition, the 
aerosols influence the Earth’s radiative balance indirectly by acting as cloud 
condensation nuclei and thus affect the cloud microphysics and the albedo of the 
earth (Kaufman et al., 2002; Twomey et al., 1984). Hansen et al. (1997) also 
define a semi-direct effect referring to a process where absorption of radiation by 
the aerosols results in higher atmospheric temperatures causing evaporisation 
and prevention of cloud formation.  
 
1.8.1.  Direct Effect of Aerosols 
The direct effect of aerosols on the radiative balance is through their 
scattering of incoming solar radiation and the absorption of solar and terrestrial 
radiation. The dominating process depends on the aerosol composition and 
phase. In the quantification of the direct aerosol influence on the atmospheric 
radiative balance the fundamental parameters to investigate are the optical depth 
and the single scattering albedo, (Hansen et al., 1997). The optical depth is the 
extinction resulting from absorption and scattering of radiation by the aerosols in 
a column, and albedo is the ratio of the scattering efficiency to the total 
extinction. The optical depth is depending on the aerosol amount, size, and the 
composition. The spectral characteristics of the optical depth are required to 
model the radiative effects of aerosols, to retrieve aerosol parameters from 
satellite remote sensing, and to correct for aerosol effects in remote 
observations. The climate response to the optical depth is nearly linear for small 
optical depths of the greatest interest (Hansen et al., 1997).                      
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1.8.2.  Indirect Effect of Aerosols 
The indirect effect of aerosols on the radiative balance is broadly defined 
as the overall process by which aerosols perturb the Earth-atmosphere radiation 
balance by modulation of cloud albedo and cloud amount (IPCC, 2001). Cloud 
droplets start to grow by condensation of water on pre-existing aerosols. More 
aerosols can lead to extra but smaller cloud droplets and smaller cloud droplets 
scatter sunlight more efficiently than larger droplets. Aircraft measurements show 
that in polluted regions a six fold increase in Cloud Condensation Nuclei (CCN) 
leads to a three to five fold increase in the droplet concentration in the clouds 
(Kaufman et al., 2002). The increase in droplet concentration results in 10 - 25 % 
smaller droplets and a correspondingly larger total surface area: the net effect is 
an increase in the cloud albedo. Thus, a human alteration on the number of CCN 
will result in increased scattering of the sunlight and a cooling effect on the 
surface (Twomey et al., 1984). Another effect is that the size of the droplets 
influence the lifetime of the cloud with longer atmospheric residence time for 
smaller droplets, and hence suppressed precipitation (Kaufman et al., 2002; 
Ramanathan et al., 2001; Rosenfeld, 2000).  
There is a large uncertainty in the estimates of the direct, semidirect and 
indirect effects and consequently in the knowledge of climate change resulting 
from anthropogenic perturbations of aerosols (IPCC, 2001). As the aerosols are 
of central importance to the atmospheric radiative balance, knowledge and 
characterization of the aerosol systems are necessary and is indeed investigated 
intensively.  
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1.8.3. The Climatic Effect of Atmospheric Aerosols 
Aerosols in the atmosphere have different molecular compositions and 
thus different optical properties as well as microphysical characteristics such as 
phases, size distributions, and hygroscopic properties. Consequently, the 
aerosols may have very different impact on the climate.  
The climate effect of the atmospheric aerosols is illustrated by the 
radiative forcing estimates presented in the latest IPCC report shown in      
Figure 1.1 (IPCC, 2001).  
Radiative forcing is a useful tool to estimate, to a first order, the relative 
climate impacts due to radiative induced perturbations. The influence of external 
factors on climate can be broadly compared using this concept (IPCC, 2001). 
The different aerosol forcing estimates in Figure 1.1 reveal that the increase in 
the atmospheric sulphate aerosol abundance by human activities since 1750 
have led to an uncertain but significant cooling effect of 0.4 ± ~0.2 W m-2. 
Additionally, the figure illustrates that the other aerosol forcing included is 
connected with large uncertainty. The forcing of organic carbon aerosols 
produced from fossil fuel combustion and biomass burning show both a small but 
negative forcing with large uncertainties, whereas mineral dust have no 
estimated value and even the sign is highly uncertain. The evaluation of the 
Radiative forcing is a measure of the influence a factor has in altering the 
balance of incoming and outgoing energy in the Earth-atmosphere (IPCC, 2001). 
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Figure 1.1: Global, annual-mean radiative forcing in W m-2 for the time 
period from pre-industrial (1750) to present (~year 2000). The 
height of the rectangular bar denotes a central or best estimate 
value. The vertical line about the rectangular bar with “x” 
delimiters indicates an estimate of the uncertainty range. A 
vertical line without a rectangular bar and with “o” delimiters 
denotes a forcing for which no central estimate can be given 
owing to large uncertainties. (Taken from IPCC (2001)) 
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It is an index of the importance of the factor as a potential climate change 
mechanism. It is expressed in Wm-2 and positive radiative forcing tends to warm 
the surface. A negative forcing tends to cool the surface. Forcing due to dust is 
very complicated due to the fact that both short-wave and long-wave radiative 
interactions exerts substantial contribution. The trapping of infrared radiation will 
result in positive radiative forcing in a similar way as for the greenhouse gases. 
Currently black carbon aerosols from fossil fuel burning are the only aerosol 
component with a positive forcing estimated value, ~0.2 Wm-2. In summary 
according to Figure 1.1, the total direct forcing of the tropospheric aerosols is 
slightly negative. The level of scientific understanding is reported as very low for 
all aerosols related forcing mechanisms except for sulphate aerosols which are 
reported to be low. We also see from the Figure 1.1 that the tropospheric aerosol 
indirect effect is only given by a range from -2 to 0 Wm-2, and no estimated value 
is reported. The main uncertainty in the forcing estimates of aerosols is rising 
from several factors, and one important issue is the optical properties defined by 
the complex refractive index. Among other important features are difficulties in 
determining the concentrations and the fractions of the aerosols that are of 
anthropogenic origin, the transport and chemistry of the precursors, and the 
vertical distribution (IPCC, 2001). 
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1.9. Aerosol Characterization 
The concerted and well-focused research carried out in India in the last 
nearly two decades (by various institutions under several national programmes 
such as IMAP, I-GBP, INDOEX-India) has significantly improved our 
understanding of this particular branch of atmospheric science. It also generated 
some strong databases on the otherwise data-sparse region. Based on the past 
experiences and further need for coherent investigations on radiation budget and 
climate impacts, a major experimental programme covering the aerosol radiation 
budget is being implemented by ISRO as part of ISRO-GBP, using continuous 
measurements over land and ocean. An integrated approach with observations, 
radiative transfer models, general circulation model and satellite data utilization is 
planned in this programme. The well-orchestrated programme on aerosol s taken 
up by ISRO-GBP will enable us to appropriately integrate it with the impact of 
aerosols on regional and global climate. Aerosol research is an interdisciplinary 
science that demands an under standing of physics, chemistry, transport 
mechanisms as well as radiation and climate. There have been a number of field 
campaigns formulated to study the aerosols and its influence to the earth system. 
Some of the national and international campaigns to better understand aerosols 
are discussed below. 
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1.9.1. Indian Middle Atmosphere Programme (IMAP) 
Systematic studies on aerosols, clouds and radiation budget were virtually 
non existing in India till 1980’s; except regular observations of turbidity by Indian 
Meteorological Department (IMD) (Srivastava et al., 1992). During the IMAP, a 
series of scientific campaign experiments involving various measurements using 
ground based, balloon, rocket and satellite techniques were planned and 
executed. 
During the Indian middle atmosphere programme, a project was initiated 
to monitor the aerosol characteristics over the Indian region by using multi-
wavelength radiometers at a few selected sited (Subbaraya et al., 2000). The 
programme, which became operational in the late eighties has been continued 
after IMAP as part of Aerosol Climatology and Effects (ACE) project of ISRO’s 
Geosphere Biosphere Programme (GBP). As part of IMAP a network of multi-
wavelength solar radiometers based on filter wheel radiometry has been 
designed and developed at the Space Physics Laboratory (SPL) , Trivandrum 
and deployed at SPL, Trivandrum (8.55oN), Mysore University, Mysore (12.3o N), 
Andhra University, Visakhapatnam (17.7o N), Indian Meteorological Department, 
Jodhpur (26.3oN) , and National Physical Laboratory (NPL), New Delhi (28.6oN) 
(Moorthy et al.,1989). Coordinated observations have been carried out from 
these stations. An inter comparison of the results shows (i) summer peak and 
winter minimum values of aerosol optical depths (ii) an increase in trend in 
aerosol optical depth during this period has been observed (iii) there is significant 
difference in forenoon and afternoon values(Subbaraya et al., 2000).  
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Altitude profiles of aerosol extinction have been obtained using balloon-
borne and rocket-borne payloads. These payloads make use of the scattered 
sunlight to derive the aerosol characteristics. Rocket – borne and balloon-borne 
studies revealed a peak in aerosol concentration at around 25 kms (Stratospheric 
aerosol peak). The tropospheric aerosol number densities at Trivandrum are 
much greater than those at Hyderabad, but in the stratosphere no such 
difference is seen (Subbaraya and Jayaraman, 1982). The power law indices 
obtained at Hyderabad and Trivandrum indicate that the Trivandrum values are 
much smaller than the Hyderabad values indicating that the particles found over 
Trivandrum are relatively bigger than those over Hyderabad.  
 
1.9.2. ISRO-Geosphere Biosphere Programme (ISRO-GBP) 
Aerosol Climatology and Effects (ACE) project was pursued with the long 
term objective of evolving empirical models of the optical and physical properties 
of atmospheric aerosols over distinct geographical environments (such as 
coastal, continental, arid, urban, rural, and industrial) of India (Subbaraya et al., 
2000) . This programme was initiated in the 1980’s during the IMAP and 
continued during 1990’s under GBP – the scope of the project has been 
expanded substantially under ISRO-GBP. A few more stations were added and 
the programme was augmented to facilitate long –term observations. The long 
term objective was to evolve empirical models of optical and physical properties 
of atmospheric aerosols over distinct geographical environments (such as 
coastal, continental, arid urban, rural and industrial of India. The measurements 
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have resulted in a fairly reliable data base over tropical Indian region. That data 
can be used for studying the climatological features of aerosol optical properties 
and also for evolving models for various regions / seasons suitable for radiation 
budget calculations or in atmospheric correction algorithms.  
An Nd:YAG backscatter lidar developed at Physical Research Laboratory 
in 1992 has been operated regularly and vertical distribution of aerosol have 
been studied. Features of Mt. Pinatubo volcanic aerosols have been investigated 
(Jayaraman et al,1995; Ramachnadran et al., 1994). Their observations showed 
that during the initial phase of the Mt. Pinatubo volcanic eruption the optical 
depths showed peak values and then decreased exponentially about 15 months. 
One of the important objectives of the ACE was to investigate and 
understand a long-term change in aerosol optical depth, the data that is available 
is not sufficient to study decadal changes. At Trivandrum, the increase in aerosol 
optical depth was about 6 to 9% per year (for the period 1986-1998) at visible 
wavelengths and about 2.5% at near IR wavelength. At Mysore increase was 
about 4 to 6 % at visible wavelengths and nearly nil at near IR wavelength 
(Moorthy et al., 1999). Further long-term measurements using a CW lidar at 
Trivandrum has revealed a consistent increase in the aerosol mixing height and 
appearance of elevated aerosol layers. 
Two ISRO-GBP reports are already published (Jayaraman et al., 1995; 
Moorthy et al., 1999).  
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1.9.3. International Geosphere Biosphere Programme (IGBP) 
the international council of scientific unions, a coordinating body of national 
science organizations, launched the International Geosphere Biosphere 
Programme (IGBP) in 1986 to ‘describe and understand the interactive physical, 
chemical and biological processes that regulate the total earth system, the 
unique environment that it provides for life, the changes that are occurring and 
the manner in which changes are influenced by human actions’. A central 
objective of the IGBP is to establish the scientific basis for quantitative 
assessment of changes in the earth’s bio-geo chemical cycles including those 
other chemicals in the atmosphere. IGBP’s investigation is organized into core 
projects in the following areas: atmospheric chemistry, terrestrial eco systems, 
biological drivers of water cycle, coastal land-ocean interactions, ocean 
circulation and past global changes. 
 
1.9.4. Aerosol Characterisation Experiment (ACE) 
The overall goals of the ACE were to reduce the uncertainty in the 
calculation of climate forcing by aerosols and to understand the multiphase 
atmospheric chemical system sufficiently to be able to provide a prognostic 
analysis of future radiative forcing and climate response. ACE-1 took place in the 
pristine polluted southern hemisphere marine atmosphere and ACE -2 took place 
over the sub tropical northeast Atlantic to investigate the dependence of the 
cloud microphysics, cloud chemistry and the properties of interstitial aerosol on 
the characteristics of the aerosol and trace gases entering cloud. The goal of 
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ACE was to determine and understand the properties and controlling factors of 
the aerosol in the anthropogenically modified atmosphere of the north Atlantic 
and to assess their relevance to radiative forcing. ACE-2 took place over the sub-
tropical north east Atlantic during June and July of 1997. 
 
1.9.5. Smoke Clouds and Radiation (SCAR) 
Overall goal of smoke, clouds, and radiation (SCAR) series of experiments 
is to obtain simultaneous in situ and remote measurements of physical, chemical 
properties of the smoke produced by bio mass burning and the effects of smoke 
on the earth’s radiation balance and climate. The scar series of experiments with 
the main experiment in Brazil is designed to get information to prepare data for 
evaluation of algorithms for remote sensing from MODIS sensor on the EOS. 
 
1.9.6. TARFOX 
Tropospheric Aerosol Radiative Forcing Observational eXperiment 
(TARFOX) was designed to reduce the uncertainty in predicting climate change 
due to aerosol effects and took place on the east coast of us during 1996 where 
one of the world’s major plumes of industrial haze moves from the continent to 
Atlantic ocean. The experiment was conducted during July, 1996. it included four 
satellites, four air crafts, ships and land sites. Results from TARFOX include the 
demonstration of carbonaceous aerosol and water condensed on aerosol. 
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1.9.7. Indian Ocean Experiment (INDOEX) 
Indian Ocean Experiment (INDOEX) was an international field experiment 
with participation from France, Germany, India, Netherlands and the US. Their 
specific contributions include and aircraft, two research vessels constant level 
balloons, instruments on US aircraft, island stations, satellite data and 3-d 
models. The main objective was to contribute to a better understanding of the 
decadal and longer time scale climate forcing, to improve coupled ocean-
atmosphere models, and the development of tropospheric chemistry models. The 
equatorial Indian region during the northeast winter monsoon season is a unique 
natural laboratory for addressing these objectives. The tropical Indian ocean is 
probably the only place in the world where an intense source of continental 
aerosols, anthropogenic trace species and their reaction products (e. g., sulfates 
and ozone ) from the northern hemisphere is directly connected to the pristine air 
of the southern hemisphere by a cross equatorial monsoonal flow into the Inter-
Tropical Convergence Zone (ITCZ). The first field phase took place during 
February and March, 1998 and intensive field phase took place from January to 
March, 1999. 
 
1.9.8. Aerosol Radiative Forcing over India (ARFI) 
The Aerosol Radiative Forcing over India (ARFI) is being executed by SPL 
as the lead Centre from 2007. The project intends to develop MWR network in 
the country capable of retrieving Atmospheric Optical Depth (AOD) levels in 10 
spectral wave lengths (0.38,0.4, 0.45, 0.5, 0.6, 0.65, 0.75, 0.85, 0.935,1.025 µm). 
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The geographically distributed network on AOD is accessed through various 
modes of communication at SPL central server for processing the data for 
appropriate processing, radiative transfer estimation and generation of AOD 
levels over each location. This will be followed by a synthesis of the national data 
into a spatially contiguous AOD maps initially a monthly and fortnightly basis. 
These AOD maps of the country would under go thorough in-situ evaluation for 
their use in, retrieval of satellite based AOD maps and in their assimilation in 
weather and climate models. This is one of the largest projects being carried out 
in the country presently with nearly 30 MWR network stations. There are 
additional plans to utilize the data from Biak, Brunei and Mauritius. Efforts are 
under way to improvise the MWR developed at SPL with enhanced capabilities in 
the coming year. The main objective of this project is to produce radiative forcing 
maps (fortnightly or seasonal) which will deepen our understanding of the 
science of aerosol–radiation interactions. 
Rajkot station is one of the ARFI observatories where Black Carbon is 
being measured by Aethalometer since May 2008 under this project without any 
interruption and MWR instrument is also being installed. AOD measurements at 
six wavelengths using MICROTOPS II sun photometers initiated under ISRO 
GBP project since March 2005 are being continued under the ARFI project. 
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1.10. Satellite and remote sensing observations of aerosols 
Satellite observations of atmospheric aerosols are an important source of 
information to understand the characteristics of atmospheric aerosols such as 
regional distribution, optical depth, single scattering albedo, and size distribution 
(Husar et al., 1997; Kaufman et al., 2002; Kaufman et al., 1997; King et al., 1999; 
Nakajima and Higurashi, 1998; Redemann et al., 2000). However, the 
discrepancies between the different satellite retrieved aerosol optical depth are 
still substantial (Myhre et al., 2004). Recently, extensive campaigns like the 
TARFOX, INDOEX and ACE-2 combining a variety of different platforms like 
satellite, aircrafts and stationary platforms have improved the knowledge of 
atmospheric aerosols substantially (Kaufman et al., 1997; Raes et al., 2000; 
Russell et al., 1999) and a combination of methods seems to be essential (King 
et al., 1999).  
Mid infrared remote sensing instruments are used to derive the chemical 
composition, aerosol phase, and size distribution of particularly stratospheric 
aerosols. Single-, two-channel and multi-channel instruments are used in the UV 
and visible region in satellite observations of tropospheric aerosols (King et al., 
1999).  
 
1.11. Importance and Future Scope of the Study 
The development in India during the last decade has resulted in an 
increase of the number of industries and vehicles. Increased emissions from 
fossil fuel and biomass burning have increased air pollution over India. Based on 
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the measurements made during the past 20 years, it is quite obvious that there 
has been a steady increase in the aerosol loading in the Indian region 
(Parameswaran et al., 1998; Subbaraya et al., 2000). The study of aerosols is 
important for a number of reasons. It is thought that aerosol may be involved in a 
feedback to global warming. It is certainly important in the earth’s radiation 
budget. There are also concerns about the effects of aerosol on human health. 
Aerosols, in some cases, form an important part of the chemical deposition 
budget for certain chemical species to ecosystems. Knowledge of aerosol 
properties is essential for correcting the atmospheric effect in satellite remote 
sensing of earth’s surface. The smallest aerosols are small enough to get into the 
human respiratory system. British standards define the respirable fraction as 
those aerosols smaller than 5 µm, which is a significant proportion of the total 
aerosol number. Even aerosol composed of benign materials can be irritants 
(e.g. glass calibration micro spheres used in the lab), and some aerosols are 
partly made of toxic materials (heavy metals, organic chemical etc.). 
Based on the aerosol measurements made during the past 20 years in 
India, it is quite obvious those aerosols are important constituents in the 
atmosphere. It is therefore absolutely essential that a comprehensive national 
program must be undertaken to monitor the nature and type of aerosols and their 
impact on radiation budget and climate. A major experimental program on 
aerosol radiation budget studies is being implemented by ISRO under ISRO-GBP 
to study aerosol over Indian region using continuous measurements over land 
and ship borne and islands based observations. An integrated approach with 
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observations, radiative transfer models, general circulation model and satellite 
data is planned in this program. An important aspect of this programme is the 
participation of several Universities along with a number of research institutions 
in India. The present work reported in this thesis is carried out at Saurashtra 
University, Rajkot under this programme for the period 2004-2008. During this 
period physical and optical properties of atmospheric aerosols are studied over 
tropical semi-arid location, Rajkot (22o18′ N, 70o44′ E and 142m above sea 
level), in Gujarat. The Saurshtra University is situated at Rajkot near Arabian 
Sea. Good mixtures of mineral and marine aerosols are expected over this 
location. Therefore the characteristics of aerosols over this location can 
contribute to the regional modeling of aerosol.  The supplementary study related 
to size distribution using particle size analyzer and Multi Wavelength Radiometer 
(MWR) is also planned over this location. Measurement of Black Carbon (BC) 
concentration using Aethalometer is initiated under ISRO–ARFI project. Aerosol 
mass measurement using Quartz Crystal Microbalance (QCM) is also 
undertaken. These investigations are expected to the study of regional radiative 
forcing and its contribution to global scale phenomena.    
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CHAPTER 2 
INSTRUMENTATION AND DETAILS OF DATA ANALYSIS 
 
2.1 Aerosols Measurement Techniques 
Atmospheric aerosols have been studied using a variety of instruments, 
either through in situ measurements or through remote sensing means. Due to 
their wide size range (over five decades), the complexity in their physical and 
chemical properties and the sensitivity of many of these features to the 
atmospheric conditions, no single method is capable of providing complete 
information on the aerosol system. A comprehensive review of the aerosol 
instrumentations is provided by Diermendjian (1980) in which the principle of 
several experimental techniques and their applicability to study of atmospheric 
aerosols are discussed. For example, using direct sampling technique, mass 
concentration, mass-size distribution and number-size distribution of suspended 
particles in ambient air are calculated by High Volume Sampler (HVS), Quartz 
Crystal Microbalance (QCM) and Aerosol Particle Counter respectively. Aerosol 
Optical Depth and vertical profile of aerosol size distributions are measured by 
multi-wavelength sun photometer and LIDAR (Light Detection And Ranging) 
respectively using Remote sensing technique. Using chemical analysis 
technique, chemical composition of aerosols is determined. In-situ 
measurements have the advantage of making direct measurements on the 
aerosol parameters at their location in real time. However, they have the 
disadvantages that the process of measurement may change the particle 
characteristics (e.g., changes in relative humidity while particles enter the 
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sampling inlet tube or change of the particle shape striking on the impactor). 
These problems are avoided in remote sensing techniques which provide 
information of the features of aerosols in their natural surroundings without 
having any physical contact. Most of the remote sensing techniques involve 
measurement of the modification to some property (like amplitude, phase, 
intensity, angular distribution of intensity, spectral attenuation etc) of 
electromagnetic radiation as it interacts with the aerosol system of interest. 
However, the validity of the remote sensing techniques depends on the 
accuracies of the assumptions involved in the retrieval techniques (e.g. the 
assumed aerosol refractive index, aerosol density etc.) in retrieving the 
parameters of interest.  In in-situ techniques the aerosols are directly collected in 
filters (paper or fiber) by drawing air using high volume vacuum pumps. The 
sample is then chemically analyzed to obtain the composition of aerosols and 
weighed (before and after collection) to determine the mass concentration.  
There are two types of remote sensing techniques, active and passive. 
Active remote sensing uses a source of electromagnetic radiation such as a 
laser. An example is a LIDAR. In passive remote sensing the natural source of 
light is used (e.g. sun light). Examples of passive remote sensing are ground 
based sun photometers and satellite based reflectance measurements.  
In our study, multi-wavelength sun photometer is used. Sun photometers 
measure the ground reaching solar radiation and infer the properties of the 
medium from the changes caused in the solar beam (since radiation at the top of 
the atmosphere is known). Satellites measure the solar radiation reflected by the 
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earth and atmosphere. Atmospheric remote sensing is most suited over oceans 
because ocean reflectance is low and uniform. Remote sensing of the 
atmosphere is more complicated over land because of the surface reflection 
property varies in space and time. That is why the ground based measurement 
techniques are useful to estimate the aerosol particles with accuracy. A brief 
outline of the different measurement techniques is given here. 
 
2.1.1 In –Situ or Direct sampling techniques 
High volume sampling 
The simplest in-situ aerosol sampling technique is high-volume sampling. 
Here high volumes of air are drawn through paper or fibers. The aerosols 
deposited in these filters are then weighed after sampling. The aerosol mass is 
the difference between the weight of the filters before and after sampling. In 
some cases multi stage impactor is placed in the air stream where particles of 
different sizes are collected at different filters, and thus provide the mass of 
aerosols at different sizes (mass distribution). 
 
Particle counter 
In this technique, air stream passes though the condensation particle 
counter (CPC). Upon entering the CPC it passes through a saturator where 
alcohol vapor condenses on the particles and make them grow. Then the sample 
is passed through a thin beam of laser. Light scattered by these particles are 
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measured by photo detector. The photo detector converts the light signal to 
electrical signal. This signal is proportional to the number of aerosols. 
 
Electrostatic sampling 
Electrostatic classifier uses an electrical mobility detection technique. 
During operation the aerosol sample first passes through a single stage impactor. 
This serves to remove all particles above a pre-assigned size. Next the aerosol 
particles are charged and then as electric field is applied which influences the 
trajectory of the charged particles. Particles with only a narrow range of electrical 
mobility (related to the size) pass through the open slit. The particle size is 
determined by the electric field applied. Electrical mobility is inversely 
proportional to the particle size. By changing voltage applied at regular steps, 
different sized particles can be streamed via the exit slit. 
 
2.1.2 Remote sensing  technique 
Satellites 
Satellite sensors receive the solar light reflected from the atmosphere and 
earth’s surface (ocean and land). The light received by the sensor is the sum of 
(1) light reflected from the surface (2) light scattered by air molecules and (3) 
light scattered by aerosols. Over ocean the reflectivity is more or less uniform. By 
knowing the information on the back scattering of air molecules, the aerosol 
information can be inferred. For mapping aerosol properties on a regional or 
global scale, satellite based remote sensing is the only option. For the remote 
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sensing of surface such as ocean or land, algorithms should include atmospheric 
corrections to correct for the atmospheric effect to satellite measured signals.  
 
LIDAR 
A LIDAR (Light Detection And Ranging ) utilizes laser as a source. The 
laser beam or pulse is sent to the atmosphere. Signal reflected back from the 
atmosphere contains information about its constituents such as air molecules, 
cloud droplets and aerosols. A Micro Pulse Lidar (MPL) system is very commonly 
used for aerosol studies. The MPL is ideal for use in scientific studies or 
environmental monitoring which requires full-time, unattended measurements of 
cloud and aerosol distribution and structure. 
 
Sun Photometry  
The simplest remote sensing technique is the Sun photometry. Here the 
spectrally selected (selected for a particular wavelength) and field limited (limited 
for a particular solid angle) solar radiation is received at the surface at different 
solar zenith angle. The application of Lambert-Beer-Bouguer Law to the 
measurements provide estimate of column optical depth of the atmosphere. 
Subtracting the molecular contribution in optical depth, the contribution of 
aerosols (Aerosol Optical Depth, AOD) can be inferred. The spectral 
measurements of aerosol optical depth contain information about its size 
distribution as the extinction efficiency depends on the ratio of aerosol size to 
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wavelength of light.  This technique has been used in the present study. Next 
section deals the principle of sun photometry. 
 
2.2.  Principle of Sun Photometry 
The spectral measurements of solar radiation reaching the earth’s surface 
can give information regarding the physical properties of various atmospheric 
constituents. The determination of aerosol spectral extinction provides a means 
to characterize the broad features of aerosol size distribution (King, 1982; Shaw 
et al., 1973; Yamamoto and Tanaka, 1969). The principle of measuring direct 
solar irradiance by Sun photometers is illustrated in Figure 2.1. Depending on 
wavelength the sunlight is absorbed and scattered along the path through the 
atmosphere. By relating the measured voltage signal V at ground to the 
undisturbed signal V0 at the top of the atmosphere information of aerosol optical 
depth (τa) and columnar amounts of other atmospheric constituents (O_ , H_ O, etc.) 
can be derived. Atmospheric window channels are distinguished from gaseous-
absorption channels. Atmospheric Window channels are located outside of 
(strong) molecular absorption bands and are normally used to determine aerosol 
optical depth.  
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Figure 2.1: Direct solar irradiance is measured using narrow-band filters. 
The air mass function relating the slant path to the zenith 
direction is approximated by 1/ cos (χ)( 
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2.2.1 Lambert-Beer- Bouguer law: 
As solar radiation penetrates into the earth’s atmosphere, they undergo 
collisions with atmospheric molecules and are progressively absorbed and 
scattered. Consider monochromatic extraterrestrial solar radiation with Flux Foλ at 
the top of the atmosphere. The transmitted flux Fλ reaches the earth’s surface 
after traveling an optical path length m in the atmosphere. Lambert-Beer- 
Bouguer relation is given by,  
2
0
0 exp( )
RF F m
Rλ λ λ
τ = −                                                                    ..…..2.1 
where R0 and R represent the mean and instantaneous sun-earth 
distance, F0λ is extra-terrestrial solar flux at λ, τλ (τλ= τRλ + τaλ + τO3λ + τNO2λ + τwλ) 
is  the total columnar optical depth of the atmosphere and m is the relative air 
mass ( a geometrical term to account for the relative increase in optical path 
length with increase in solar zenith angle). The spectral distribution of F0λ for the 
range 200 to 5000 nm is given in Figure 2.2, from which it can readily be seen 
that more than 90% of the solar energy is distributed in the wavelength range 
350 to 2000 nm. Thus the Sun Photometry makes use of wavelengths in this 
region for aerosol studies. For a receiver, the output Vλ which is directly 
proportional to Fλ, the equation (2.1) can be expressed as, 
2
0
0 exp( )
RV V m
Rλ λ λ
τ = −                                                       ………2.2 
where V0λ  represents the system output corresponding to (Foλ).  Taking 
logarithms on both sides of equation (2.2), 
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0
0ln ln 2ln
RV V m
Rλ λ λ
τ  = + −                                                           …..….2.3 
equation (2.3) represents a linear relation between the natural logarithm of 
the output Vλ and relative airmass m. 
A plot of ln(Vλ) against m (called Langley Plot) during periods when  τλ   
remains invariant yields a straight line with slope equal to τλ and Y-intercept for 
m=0 (known as the zero airmass intercept) equal to the term inside the bracket 
which after correcting for the Sun-Earth distance gives [ln(V0λ)]. Since V0λ is 
proportional to the F0λ Which remains invariant over years, any change in the 
zero airmass intercept (during clear periods) should arise from variations in the 
parameters of the multi-wavelength sun photometer. The optical depth τλ is the 
sum of optical depths due to molecular extinction and extinction due to aerosols. 
By subtracting the molecular contribution, the aerosol optical depth can be 
estimated.   
Typical Langley plots for six wavelengths (380, 440, 500, 675, 870 and 
1020 nm) are shown in Figure 2.3 from data collected at Rajkot on 12, April, 
2005. Total optical depth at individual wavelength with correlation coefficient (r) 
and total number of data points (N) are shown in respective plots. In these plots 
Vλ is taken in volt and relative mass is considered equivalent to secant of solar 
zenith angle (χ). Method for evaluation of these parameters has been discussed 
in next section (2.2.2). 
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Figure 2.2: Spectral distribution of extra-terrestrial solar irradiance. (From     
Iqbal, 1983) 
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Figure 2.3: Typical Langley plot obtained using the MICROTOPS data 
collected at Rajkot on 12 April, 2005. The wavelength and the 
values of total optical depth (τλ), correlation coefficient (r) and 
total number of data points are given on the top of each block.    
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Figure 2.3: (continued). 
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2.2.2 Estimation of parameters in Lambert-Beer- Bouguer law 
Various parameters appearing in the equation (2.3) have to be evaluated, 
and this is described in the following. 
 
Estimation of m 
Relative air mass term is defined as the ratio of the mass of air contained 
in a column of unit cross section along a given ray path to vertical zenith path 
length and is given by (Iqbal, 1983) 
 
0 0
/a am d d s d d z
∞ ∞
= ∫ ∫                                                             ………..2.4 
 
where, da is the density of air, ds is the path length along desired direction and dz 
is the path length along zenith direction. 
Considering the curvature of earth and refraction effects of the 
atmosphere equation is to be evaluated by applying the law of refraction and 
integrating along elemental slant paths. This yields the following expression for m 
(Kondratyev, 1969) as, 
( )
1
22
20
0 0 0
1 1 sin ( )E a
E
Rm d z dz
d H R Z
ξ χξ
−
∞    = −   +   
∫          ………2.5 
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where, d0 and da(z) are the atmospheric densities at the ground and at height z 
respectively, H0 is the scale height of the atmosphere (H0=~8.3 km), RE the 
radius of the earth (RE=~6371 km), ξ0 and ξ are the refractive indices of air at the 
ground and at height z and χ is the solar zenith angle. For χ < 600, the refraction 
and curvature effects are quite small and hence can be neglected and the 
expression for m then approximates to (Iqbal, 1983), 
m=sec χ                                                                             ………2.6 
however, for χ> 600, equation 2.5 has to be used. The values of the relative 
airmass estimated using equations 2.5 and 2.6 are shown in the fig in which the 
deviations in values are seen for χ>600 and become increasingly significant as     
χ ?  900. 
 
Estimation of χ 
The value of χ in equation 2.5 is determined for any time (local mean time) 
using the well known expression, 
χ= cos-1[sinϕ sinδ + cosϕ cosδ cosHa]                                     …………..2.7 
where, ϕ is the geographic latitude of the observing station, δ is the solar 
declination angle of the day and Ha is the hour angle corresponding to the 
observation time.  
Solar declination angle (δ) is the angle between the line joining the centres 
of the sun and earth and the equatorial plane. The value of δ is zero during 
equinoxes (20/21 March and 22/23 September) and has a maximum value of 
±23.50 during solstices (21/22 June and 21/22 December). During the period of 
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MICROTOPS observations in a day the maximum change in δ is less than 0.250 
and hence can be considered invariant during the observation period since 
MICROTOPS system has a field of view ~30. 
  Hour angle is the angle measured at the celestial north pole between the 
observer’s meridian and solar meridian and solar meridian counting from midday. 
It changes 150 per hour. 
Ha = (ALT×15-180) degrees                                                  …………….2.8 
Where, ALT represents apparent local time expressed in hours. The apparent 
local time is the apparent solar time determined by the meridional transits of the 
actual sun. It is related to the local mean time through the equation of time (∆t) 
through the relation,  
ALT= LMT+∆t                                                                            …………2.9 
Where, LMT represents the local mean time which corresponds to the mean 
solar time determined by the meridional transits of an imaginary (mean) sun 
moving on the celestial equator with a uniform angular speed; it’s lower transit 
making zero hour and upper transit 12 hour of the local mean time. The equation 
of time is a measure of discrepancy between apparent and local mean times and 
varies from-14.5 minutes (around 10 February) to +16 minutes (around 01 
November) in a year (Iqbal, 1983). It arises because of two reasons; 
(1) Earth sweeps out unequal areas as it revolves round the Sun, and  
(2) Earth’s axis is tilted with respect to the ecliptic plane (plane of revolution 
of Earth around the Sun). 
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Daily values of δ, ∆t and R0/R can obtained from astronomical ephemeris. The 
LMT is related to IST through the difference in longitudes, 
LMT= IST + (θ – 82.5)/15                                                         …………2.10 
In hours where, θ is the geographical longitude of the observing station. 
 
Estimation of τRλ 
The spectral optical depth due to molecular (Rayleigh) scattering is estimated 
using the well known analytical expression, 
 
23 2
2 4 2
0 0
24 1
1
z
R d z
z
K N dz
Nλ
π ξτ λ ξ
∞ −=  +  ∫ …………….2.11 
 
where, N0 is the molecular number density at the surface at standard 
temperature and pressure (STP, i.e. 273.15K and 1013.25mb respectively), zξ  is 
the refractive index at the surface, Nz is the molecular number density at height z 
and Kd lies in the range 1.048 to 1.051 for the wavelength range covered by the 
MWR measurements (Bates, 1984). 
The value of 0ξ  is evaluated using the empirical relation(Kneizys et al., 1980), 
( ) 6 00 2 2
0 0
0.459 0.3471 10 77.46 43.49 wP P
T P
ξ λ λ
   − = + − −                …………..2.12 
where, P0 and T0 are the pressure and temperature respectively at STP and Pw is 
the partial pressure of water vapour at the surface.  
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The values of Rλτ obtained by this procedure is valid for stations at mean sea 
level. For stations at higher altitudes Rλτ  is to be corrected for the height of the 
observing station as,  
0
R R
P
Pλ λ
τ τ=                                                                               ………….2.13 
where, P is the mean surface pressure in mb at the observing station and 
P0 is standard pressure (P0 = 1013.25 mb).  
 
Estimation of 3O λτ  
Ozone has a weak absorption band in the visible region called chappius band 
which extends from about 450 nm to 770 nm with a peak round 600 nm. The 
optical depth due to ozone absorption is estimated using the expression,  
80
3 3 3
0
( )O O ON z dzλτ σ= ∫                                                          …………2.14 
where, 3 ( )Oσ λ  is the wavelength dependent absorption cross section for 
ozone at wavelength λ and 3 ( )ON z  is the ozone number density at altitude z. The 
3 ( )Oσ λ values are taken from the Lowtran computations (Kneizys et al., 1980).  
 
Estimation of τwλ 
For the two nearby wavelengths (ie. 870 and 1020 nm), the absorption by 
water vapour is lower by more than three orders of magnitude than that at 935 
nm ( Leckner, 1978). As such, the wavelengths 870, 935 and 1020 have been 
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used together to estimate the contribution to the total optical depth of the 
absorption by water vapour. From the total optical depths at these wavelengths, 
the corresponding Rλτ is subtracted to obtain a reduced optical depth which is the 
sum of contributions due to aerosols and water vapour. An estimate of τa at 935 
nm is determined by linearly interpolating between the reduced optical depths at 
870 and 1020 nm and is subtracted from the reduced optical depth at 935 nm to 
get an estimate of τwλ at 935 nm.  Leckner (1978) has derived an empirical 
transmission function connecting τwλ  and homogeneous content of water vapour 
(Xw)as ,  
0.45
0.3
[1 25.25 ]
w
w
w
k X
k X
λ
λ
λ
τ = +                                                                    …….2.15 
 
where, kλ is the effective absorption coefficient. An estimate of Xw has been 
made by solving equation 2.15 using the appropriate kλ values given by Leckner 
(1978). The wτ  values at 870 and 1020 nm are determined using this value of Xw 
and are subtracted from the corresponding reduced optical depths. Again 
interpolation is repeated with the water vapour corrected optical depths at 870 
and 1020 nm. This procedure is continued till convergence in Xw is attained. The 
value of Xw is then corrected for the vertical inhomogeneity of the water vapour 
distribution. The effective path length of water vapour is given by,  
 
0.9
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Tp zX d z dz
p T z
 =   ∫                                                 ………….2.16 
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where, dw(z) is the water vapour density at an altitude z; P0 and T0 are the 
standard pressure and temperature at the surface respectively and P(z) and T(z) 
are the pressure and temperature at an altitude z.  The values of the various 
molecular contributions to total optical depth estimated as described above are 
given in the Table-2.1. 
 
Table–2.1 
λ, nm τR τO3 τNO2 τW * 
380 
440 
500 
675 
870 
1020 
0.4429 
0.2205 
0.1431 
0.0490 
0.0166 
0.0079 
0.0000 
0.0008 
0.0065 
0.0156 
0.0000 
0.0000 
0.003 
0.003 
0.003 
0.000 
0.000 
0.000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0069 
0.0004 
* For a columnar water content of 1.7 g cm-2. 
 
2.2.3 Deduction of Aerosol Optical Depth 
The total columnar atmospheric optical depth (τλ) estimated from the 
MICROTOPS data following the Langley technique as described earlier, is the 
sum of contributions from molecular scattering (τRλ);  scattering and absorption 
due to atmospheric aerosols (τaλ); absorption due to ozone (τO3λ); absorption due 
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to NO2 (τNO2λ); and absorption due to water vapour (τwλ) ; each of these being 
separate functions of wavelength. Thus,  
τλ = τRλ + τaλ + τO3λ + τNO2λ + τwλ                                       ………………2.17 
the aerosol optical depth (τaλ) is determined by subtraction the other components 
from the total optical depth (τλ)   , so that, 
τaλ = τλ – τRλ – τO3λ – τNO2λ – τwλ                                             ……….....2.18 
The details of the individual optical depths on the right hand side of the above 
equation (2.17) were described in the section 2.2.2. 
 
2.3 Description of Sun Photometer used in the present study 
 Historically, the development and use of sun photometers start with the 
Volz sun photometer which was a simple device making measurements at a 
single broad band. Subsequently modified sun photometers have been 
developed which had the capability of making measurements at three 
wavelengths on the visible and near IR (Ǻngström, 1961). These instruments 
provided spectral optical depths at three wavelengths and this information was 
used to derive broad inferences on the aerosol size spectrum (Ǻngström, 1961, 
1964; Mani et al., 1969) assuming an inverse power-law functional form and 
have provided lot of scientific data. However, with regard to the study of 
atmospheric aerosols, these measurements are inadequate to derive quantitative 
inference on aerosol size characteristics by it, because of the wavelength 
averaging caused by the broad band filters used in these instruments (e.g., 
Moorthy et. al., 1988). Thus multi wavelength solar radiometers have evolved 
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which make near simultaneous measurements of solar extinction at a number of 
narrow wavelength bands (Shaw et al., 1973; Tomasi et al., 1983; Moorthy et. 
at., 1989). The author has employed a multi wavelength MICROTOPS II sun 
photometer for the present study. 
The MICROTOPS II is a five channel, hand-held multi-band sun 
photometer capable of measuring the aerosol optical depth (AOD) and direct 
solar irradiance in each band. Optionally the MICROTOPS II is capable of 
deriving the precipitable water vapour column. Block diagram and photograph of 
the MCROTOPS II Sun photometer are shown in Figures 2.3a and 2.3b.  To 
assure long term stability of measurements the electronic circuitry  has to be very 
stable, both thermally and long term. The gain of the amplifiers is determined by 
a set of precision resistors with temperature coefficients below 0.005% /oC. The 
amplifier’s offset is automatically compensated every time the instrument is 
powered on. Both the offset and full scale of the A/D converter are automatically 
calibrated before each scan. The full scale calibration relies on a high 
performance voltage reference with the temperature coefficient under 0.001%/ oC 
and long term stability in the order of 0.005% / year (Morys., et al.,2001). Real 
time and date for the solar zenith angle calculation is provided by the on-board 
clock. The inherent accuracy of low-power crystal clocks is not adequate for long 
periods of time; therefore, a clock trimming mechanism is implemented in the 
software. The user can enter the clock correction in seconds /30 days and the 
program will periodically skip (or add) a few seconds in order to maintain the 
clock accuracy to within 5 seconds. 
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2.3.1 Principle of operation of MICROTOPS II Sun Photometer 
The instrument is equipped with five accurately aligned optical collimators, 
with a full field view of 2.50. Internal baffles are also integrated into the device to 
eliminate internal reflections. Each channel is fitted with a narrow–band 
interference filter and a photodiode suitable for the particular wavelength range. 
The collimators are encapsulated in a cast aluminum optical block for stability  
A sun target and pointing assembly is permanently attached to the optical 
block and laser aligned to ensure accurate alignment with the optical channels. 
When the image of the sun is centered in the bull’s eye of the sun target all 
optical channels are oriented directly at the solar disk. A small amount of 
circumsolar radiation is also captured, but it makes little contribution to the signal. 
Radiation captured by the collimator and band pass filters radiate onto the 
photodiodes, producing an electrical current that is proportional to the radiant 
power intercepted by the photodiodes. These signals are first amplified and then 
converted to a digital signal by a high resolution A/D converter. The signals from 
the photodiodes are processed in series. However, with 20 conversions per 
second, the results can be treated as if the photodiodes were read 
simultaneously. 
AOD and water vapour column are determined assuming the validity of 
the Lambert-Beer- Bouguer law. The optical depth due to Rayleigh scattering is 
subtracted from the total optical depth to obtain AOD. Optical depth from other 
processes such as O3 and NO2 absorption are ignored in Microprocessor 
Controlled Total Ozone Portable Spectrometer (MICROTOPS II).  
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(a) 
 
 
(b) 
Figure-2.3: Photograph of a MICROTOPS II sun photometer with GPS 
receiver is shown in (a) and the block diagram of this instrument 
is shown in (b). 
 
 
Signal processing Block 
Optical  
 Block 
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The water vapour column is determined based on measurements at 936 
nm (water absorption peak) and 1020 nm (no absorption by water vapour). 
In this study, for the measurements of AOD at six different wavelengths 
and precipitable water vapour content, two sun photometers (Version 2.5 for the 
measurement of AOD at 1020 nm and water vapour content and Version 5.5 for 
the measurement of AOD at 380, 440, 500, 675, 870 nm)   are used. 
 
2.3.2 Instrument Design Aspects 
The optical block shapes the field of view of the instrument, filtering 
incoming radiation, detecting it and facilitating targeting of the Sun. Electrical 
signals from the photo detectors are amplified, converted to digital form and 
numerically processed in the signal processing block. 
 
Optical Block 
 The success of the instrument depends on its ability to measure Aerosol 
Optical Depth with long term stability under a broad range of air masses and 
atmospheric conditions. 
The entire instrument and all subsystems were analyzed in a series of 
computer simulations. The initial design goal of an overall precision better than 
3% , for air mass up to 3, translated into a set of very stringent specifications. 
Several iterations of the process allowed us to find a set of specifications that 
met the initial criteria and were realistic at the same time. 
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Described below are some of the critical issues considered during the 
design process: 
• To assure long term stability the optical block is machined from a 
cast aluminum plate.  
• The mechanical alignment of the optical channels is better than 
0.1o. 
• Internal baffles in each channel prevent reflections from reaching 
the photo detectors. The internal surfaces of the collimators are 
lined with a low reflectivity material. 
• The sun-targeting hardware is machined from aluminum and 
directly attached to the filter block to avoid temperature effects on 
targeting. 
• The entire optical block is suspended in the enclosure in such a 
way that a mechanical strain applied to the enclosure does not 
result in substantial strain in the optical block. 
• The sun targeting assembly is laser-aligned to within 0.1o from the 
optical axis of the block. 
•  The temperature of the optical block is monitored and logged in 
order to allow temperature compensation if needed. 
• A built-in solid state pressure sensor provides the current 
atmospheric pressure needed for the Rayleigh scattering 
calculation. 
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The photo detectors are hermetically packaged to assure long life and stability. 
 
Sun Targeting 
MICROTOPS II is designed primarily for hand –held operation but can be 
used with tripod mounting. There was even concern about the accuracy of 
pointing the meter towards the sun. A series of tests indicated that the instrument 
can move up to 1o off the sun’s center even in the hands of a well trained 
operator. Steadiness of the operator’s hand may be degraded due to presence of 
strong   wind or cold weather. To enhance the sun targeting accuracy in the 
MICROTOPS II an algorithm was implemented that analyzes a series of rapidly 
repeated measurements. Based on the signal from all channels a signal strength 
factor is calculated. Only the records with highest ranking signal strength factor 
are averaged and passed for further processing that represent the best 
positioning of the sun’s image. The targeting enhancement produces results 
which are slightly better than tripod- mounted instrument since it compensates 
the targeting error due to limited resolution of the instrument’s targeting system. 
The user can set the total number of measurement in a scan and number of 
records averaged. 
 
2.3.3 Calibration Constants 
In order to measure the AOD, water vapour and irradiance, the 
MICROTOPS II Sun Photometer stores a set of calibration constants that relate 
the electrical signal measured by its A/D converter to the physical quantities 
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desired. MICROTOPS II stores two sets of calibration constants: the factory 
calibrations (FC) and user calibrations (UC). The FC is programmed into the 
instrument during the calibration process and cannot be modified by the user. 
The UC are initially set to equal FC but can be individually modified from the 
instrument’s keypad should the user re-calibrate the instrument on his own the 
‘restore calibrations’ function copies FC  into UC  restoring the initial 
configuration of the instrument. The UC set can be read via serial port using 
function X in the remote control menu. 
 
Irradiance calibration constants 
The calibration constants for irradiance link the measured signal in mV 
with the absolute radiometric power in W/m2 of the direct solar radiation. The field 
of view of the MICROTOPS II is 2.5o, therefore larger than the solar disk’s 
subtending angle. A small correction for the circumsolar radiation is taken into 
account when the meter is calibrated. All irradiance calibration constants are 
derived for the nominal filter bandwidth and its nominal center wavelength. 
There are 5 irradiance calibration constants C1-C5 corresponding to the nominal 
wavelengths of the instrument’s filters. Each calibration constant can be 
individually modified from the keypad. The absolute irradiance is not stored in 
memory after each measurement. Instead the raw data in mV is stored and the 
displayed irradiance is calculated based on the recorded voltage and current 
calibration constants. Consequently, a change in the irradiance calibration 
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constants affects the irradiance values displayed on the LCD, but not the AOD 
and water vapour values. 
 
AOD calibration constants 
There is an AOD calibration constant for each of the 5 channels of the 
MICROTOPSII. These constants represent the natural logarithm of the 
theoretical signal (in mV) adjusted to mean Earth-Sun distance each channel 
would read at the top of the atmosphere (air mass 0). Due to the obvious 
difficulties of calibrating MICROTOPS in space the calibration constants are 
determined in a slightly less harsh environment. The extraterrestrial signals are 
derived either by Langley plot method at the Mauna Loa observatory ot Hawaii or 
by simultaneous comparison with a reference sun photometer that was calibrated 
at Mauna Loa. The 5 calibration constants involved in the AOD calculation are: 
 ln(V01)-the natural logarithm of the extraterrestrial constant for channel 1(for 
mean sun-earth distance) 
ln(V02)-the natural logarithm of the extraterrestrial constant for channel 2(for 
mean sun-earth distance) 
ln(V03)-the natural logarithm of the extraterrestrial constant for channel 3(for 
mean sun-earth distance) 
ln(V04)-the natural logarithm of the extraterrestrial constant for channel 4(for 
mean sun-earth distance) 
ln(V05)-the natural logarithm of the extraterrestrial constant for channel 5(for 
mean sun-earth distance) 
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The MICROTOPS II calculates the AOD value at each wavelength based on the 
channel’s signal, its extraterrestrial constant, atmospheric pressure (for Rayleigh 
scattering), time and location, solar distance correction is automatically applied. 
All optical depth calculations are based on the Bouguer-Lambert-Beer law. The 
AOD formula is as follows: 
0
0
ln( ) ln( * ) *R
V V SDCORR PAOD
M P
λ λ
λ λτ−= −                                       ……….2.19 
where the index ‘λ’ references the channel’s wavelength, ln(V0λ) is the AOD 
calibration constant, Vλ is the signal intensity (in mV), SDCORR is the mean 
Earth-Sun distance correction, M is the optical air mass, τRλ is the Rayleigh 
optical depth, and P and P0 are station pressure and standard sea-level 
pressure(1013.25 mb) respectively. 
 
Water vapour calibration constants 
The water vapour calculation is based on a form of the Bouguer-Lambert-
Beer law for the 936 nm channel, which is located in the water vapour absorption 
band. The water vapour column (in cm) is calculated as follows: 
1
0ln( ) ln( * ) *
*
B
w w aw
B
V V SDCORR MW
K M
τ− − =                                       ……….2.20 
where the index ‘w’ references the 936 nm water vapour channel, ln(V0w) 
is the AOD calibration constant, Vw is the signal intensity (in mV), SDCORR is the 
mean Earth-Sun distance correction, M is the optical airmass, τaw is the aerosol 
optical depth, and k and b are the water vapour calibration constants. Detailed 
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description of the algorithms and calibration is discussed elsewhere (user’s 
Guide of MICROTOPS)  
 
Pressure calibration constants 
A solid state pressure sensor is built-in to the MICROTOPS II. This type of 
pressure sensor is characterized by very good linearity and stability but the 
repeatability of the sensor manufacturing process is poor therefore each sensor 
needs individual calibration. The MICROTOPS II sensor is factory calibrated in a 
pressure chamber with a 2-point calibration procedure. Ignoring the temperature 
compensation algorithm, the formula used to calculate pressure (in mb) from the 
sensor’s voltage is: 
*( )PRESSURE PSCALE V POFFS= −                                           ……….2.21 
where V is the signal from the sensor in [mV], PSCALE and POFFS are 
the pressure calibration constants in (mb/mV) and (m/V) respectively. The two 
calibration constants PSCALE and POFFS are accessible through the menu 
system. Changing them is not advised since special equipment is needed for 
calibration. 
 
2.3.4 Advantage of MICROTOPS II 
High –grade filters are embedded in a solid cast aluminum housing that 
assures accurate, stable optical alignment. Once the geographical coordinates of 
the measurement site are entered just aim the meter at the sun, align the image 
of the sun with the bull’s eye and push the button. In seconds the result will be 
 67
displayed on the LCD. A small hand-held device is all one need to take 
measurements. No additional computer is necessary. A serial interface allows for 
the transfer of data. MICROTOPSII understands the NMEA 0183 communication 
protocol and can be linked directly to a hand-held GPS receiver via serial cable. 
The AOD and total water vapour calculation algorithms are programmed in the 
MICROTOPS II and the results of all stored scans can be conveniently viewed on 
the LCD. The raw data is also stored to allow retrospective adjustments of 
calibration constants. The raw data collected by MICROTOPSII, as well as 
calculated results are stored in non-volatile memory. Each data point is 
annotated with date, time, site coordinates, solar zenith angle, altitude, pressure 
and temperature. 
 
2.4 Data Analysis 
Aerosol Optical Depth (AOD)  at 1020 nm was monitored from June, 2004 
to March, 2005 and since then AOD measurement at six different wavelengths 
(380, 440, 500, 675, 870 and 1020 nm) is continued over Rajkot. The results 
obtained for entire period (March 2005 to February 2008) will be discussed in 
next chapters. Angstrom parameters (wavelength exponent and turbidity 
coefficient) were estimated for the study of wavelength dependence 
characteristics of Aerosols using Angstrom’s formula. The next section 2.4.1 
deals with the estimation of wavelength exponent (α) and turbidity coefficient (β) 
using AOD data at six wavelengths. The columnar aerosol number size 
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distribution was estimated using inversion technique. It is described in detail in 
the following section 2.4.2. 
 
2.4.1 Determination of Ångström Parameters  
The spectral dependence of AOD is typically approximated using 
Ångström’s formula (Ångström, 1929, 1961) derived on the premise that 
extinction of solar radiation by aerosols (i.e., AOD) is a continuous function of 
wavelength, without selective bands or lines for scattering or absorption. The 
Angstrom formula for approximating aerosol extinction is given by: 
 
τaλ = β λ– α                                                                                …….. … 2.22 
 
where  λ is the wavelength in microns of the corresponding AOD values 
(τaλ), β the Angstrom turbidity coefficient gives an estimate of aerosol loading 
over a site and α the wavelength exponent (related to the size distribution of the 
scattering particles). It is expected that when the aerosol particles are very small, 
on the order of air molecules, α should approach 4 and it should approach 0 for 
very large particles (Holben et al., 2001; Pinker et al., 2001). The Angstrom 
turbidity coefficient, β equals to τ aλ at λ=1 µm.   
Typical values of α range from a value greater than 2 for fresh smoke 
particles, which are dominated by accumulation mode aerosols [Kaufman et al., 
1992] to nearly zero value for high optical thickness Sahelian /Saharan desert  
dust cases dominated by coarse mode aerosols [Holben et al., 1991]. Recent 
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studies (Eck et al.,1999; Dubovik et al.,2000; Hand et al.,2004) are evidence for 
useful application of α measurements for characterization of aerosol physical and 
radiative properties. Large value of α indicates relatively high ratio of small 
particles to large particles. 
According to this formula neither α nor β depends on the wavelength and 
hence any pair of wavelength λi, λj can be taken to obtain these parameters. By 
means of our measurements of the direct solar spectral irradiance at the earth's 
surface in the 380, 440, 500, 675, 870 and 1020 nm range, made with a hand 
held MICROTOPS II sun photometer. We can analyze the Angstrom equation by 
different methods. 
Here four methods are used to determine the spectral variations of AOD. 
These methods are Volz method, Direct method, Linear fitting and Polynomial 
fitting. The first three methods determine the Angstrom wavelength exponent α 
and the fourth one determines the derivative of α with respect to the logarithm of 
wavelength or the second derivative of ln τ versus ln λ.  
 
Volz Method 
This paragraph deals the estimation of α and β parameters using the Volz 
technique. Fixing a given wavelength as a reference wavelength–the α and β 
parameters can be calculated at the other wavelengths λi by solving the following 
system of equations for each i: 
( ) αλ βλλτ −= RRa         ………2.23a 
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( ) αλ βλλτ −= iia         ………2.23b 
                       i=1,2,3…. 
 
Using natural logarithms, we have a linear system from which to obtain α and β 
at each wavelength λi: 
 
( ) ( ) ( )[ ] ( )iRRaiaiR λλλτλτλα λλλ /ln//ln=   ……..2.24a 
( ) ( ) i
R Riiai
λα
λλ λλλτλβ +=                                        ……..2.24b 
 
Moreover, we can take different reference wavelengths and analyze the 
dependence on wavelength of α and β at different reference wavelengths. This 
analysis has been carried out for three reference wavelengths λR = 0.500, 0.675, 
and 0.870 µm and three different resolutions of the solar irradiance data. 
 
Direct Method 
By ratioing equation 2.22 at two different wavelengths and then taking the 
logarithm the Angstrom wavelength exponent may be computed from spectral 
values of τaλ  by  
 
λ
τα λ
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ln
d
d a−=  
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and therefore α as defined in the above equation (2.22) is the negative of 
the slope (or negative of the first derivative) of τaλ  with wavelength in logarithmic 
scale. This method is known as direct method. The parameter β is also 
determined from equation (2.22). 
 
Linear Fitting 
This third method for calculating the Angstrom parameters is also based 
on linearizing the angstrom equation. A log-log plot of the aerosol optical 
thickness versus the wavelength enables us to calculate the angstrom 
parameters in a given spectral range:  
βλατ λ lnlnln +−=a                                                                   ……..2.26 
Substituting the derived τaλ values in the above equation (2.26), the slope of       
lnτaλ versus lnλ graph provides wavelength exponent α and its intercept ln β. For 
spectral analysis this method of linear fitting is the best way of obtaining the 
Ångström parameters (Cachorro et al., 1987; Maheshkumar et al., 2001). This 
method appears to be the most adequate one, but the problem with this is the 
wide selected spectral range because a curvature is shown for different aerosol 
models (Bird R. E., 1984). Thus, angstrom coefficients which work properly in a 
given spectral range might not be so appropriate in another one. 
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Polynomial Fitting 
Most of the times the Aerosol size distributions do not follow Junge type 
(King, et. al., 1976). The departure from this model often result in the curvature in 
the log spectral variation of the τa(λ). Thus the spectral variation is better 
modeled using a second order polynomial fit as given below (Eck, et al., 1999): 
 
( )2210 lnlnln λλτ λ aaaa ++=                                                       ……….2.27 
 
where, the coefficient a2 accounts for a curvature often observed in sun 
photometry measurements. Kaufman (1993) analyzed the spectral dependence 
of τaλ  from sun photometer measurements and found that values of  α  often vary 
for computations made from different wavelength intervals due to the departure 
of the aerosol size distribution from a power law. As a parameter to quantify the 
curvature of the lnτaλ  versus lnλ relationship the second derivative of lnτaλ  
versus lnλ  or the derivative of α  with respect to the logarithm of wavelength. 
The second derivative is a measure of the rate of change of the slope with 
respect to wavelength and therefore is a logical complement to the Angstrom 
exponent, which is the negative of the slope (first derivative) of lnτaλ  versus lnλ. 
We use the following approximation to compute the second derivative (Li et 
al.,1993), and α’(λ) at wavelength λ is defined as the negative of the second 
derivative (since α is defined as the negative of the first derivative): 
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The aim of the analysis of the results obtained by these four methods is to 
determine the suitability of the Angstrom parameters for defining a given turbidity 
state of the atmosphere and for comparing the results obtained by these four 
methods. 
2.4.2 Inversion Method for Retrieval of Aerosol Columnar Size Distribution 
from Spectral Aerosol Optical Depth 
Since the spectral characteristics of aerosol optical depths depend 
strongly on the aerosol size distribution, it is possible to infer the size distribution 
of aerosols from the spectral optical depth measurements. For the determination 
of aerosol size distribution function from spectral measurements of aerosol 
optical depth, there are several methods. The model dependent determination of 
aerosol size distribution assumes a particular type of distribution and then 
determines the size parameters form a comparison of tables of optical depths 
calculated over a grid of values of the model parameters. This method is suitable 
for quick determinations of aerosol size distribution and is preferred when huge 
amount of data is to be processed. Box et al. (1981) have demonstrated the use 
of this method. Another method called numerical inversion method, involves 
numerically solving the Mie integral equation. Though the numerical method 
requires considerable amount of computer time, it can provide realistic estimates 
of aerosol size distributions. Yamamoto and Tanaka (1969) applied the numerical 
inversion procedure developed by Phillips (1962) and Twomey (1963) to the 
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problem of numerically inverting the Mie integral equation. Later, several 
techniques of this type emerged with many modifications and a number of such 
inversion techniques are now available in the literature (Quenzel, 1970; King et 
al., 1978; King, 1982). In the present study, the iterative inversion technique by 
King et al (1978) has been used for the inversion of spectral aerosol optical 
depths. 
 
Constrained Linear Inversion Technique: Outline of the Approach 
 The integral equation connection the aerosol optical depth and size 
distribution function is written as,  
drdzzrnmrQr exta ),(),,(
0 0
2 λπτ λ ∫ ∫∞ ∞=                                               ………………2.29 
where, ( , , )extQ r mλ is the Mie extinction efficiency parameter which 
depends on the aerosol repractive index (m), radius (r) and wavelength of 
incident radiation (λ) and n(r,z) is the height dependent aerosol number density 
providing the number of aerosols per unit volume, in a small radius range dr 
centred around r, at an altitude Z. Here the atmospheric aerosols are assumed 
homogeneous and spherical. Integrating equation (2.29) along a vertical column 
of unit cross section gives, 
drrnmrQr cexta )(),,(
0
2 λπτ λ ∫
∞
=                                                      …………….2.30 
where, nc(r) is given by, 
  ∫
∞
=
0
),()( dzzrnrnc                                                                  ……………2.31 
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and, represents the columnar number density of aerosols providing the 
number of aerosols in vertical column per unit cross section area per unit radius 
interval. This is referred to as columnar size distribution (CSD) of aerosols, 
hereafter. The τaλ values used in equation (2.30) are measured in a finite 
wavelength range and as such these are sensitive mainly only to aerosols in a 
finite size range. In view of this, equation (2.30) is rewritten as, 
drrnmrQr cext
r
r
a
b
a
)(),,(2 λπτ λ ∫=                                              ………………2.32 
where, ra and rb are respectively the lower and upper radii limits which 
contribute significantly to Mie extinction efficiency parameter for the range of 
wavelengths used. 
Equation (2.32) is similar to the Fredholm integral equation of first kind 
which is generally expressed as (Phillips, 1962), 
∫ =
b
a
xgdyyfyxK )()(),(                              (a ≤ x ≥ b)             ……………2.33 
where, K(x,y) is kernel function. The function g(x) is measured and the 
indicial function f(y) is to be inferred, both of which are assumed to be bounded 
and continuous. Thus equation (2.32) is Fredholm integral equation of first kind 
and can be expressed as, 
∫ =
b
a
ac drrnrK λτλ )(),(                               (ra ≤ r ≥ rb)             ……………2.34 
where, the function τaλ is obtained from MICROTOPS II sun photometer 
measurements and the indicial function nc(r) is to be inferred. An expression for 
nc(r) cannot be written analytically in terms of τaλ and hence numerical approach 
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is followed. While discussing about the numerical inversion of Fredholm integral 
equations of first kind, Phillips (1962) suggested that for practical problems 
measurement errors (ε) also has to be included along with the measured values. 
As such equation (2.32) becomes, 
ελπτ λ += ∫ drrnmrQr cext
r
r
a
b
a
)(),,(2                                  ………………….2.35 
In order to solve equation (2.35) numerically to determine nc(r), the 
integral is replaced by summation over coarse intervals in r each of which is 
composed of several sub intervals. The function, nc(r) is assumed to be of a 
combination of two functions as, 
nc(r)=h(r).f(r)                                                            …………………..2.36 
where, h(r) is a weighting function and is rapidly varying as a function of r 
(variable within the coarse intervals) and f(r) is more slowly varying function 
(constant within each of the coarse intervals). Then, 
ελπτ λ += ∫∑
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                   …………………….2.37 
If there are p discrete measurements of τaλ  and q discrete values of nc(r) 
are to be inferred, then the above expression (2.37) can be written as a system 
of linear equations as, 
τaλi =Aijfj + εi                i=1, p,         j=1 , q                ………………………2.38 
drrhmrQrA ext
r
r
ij
j
j
)(),,(
1
2 λπ∫
+
=                                    ………………………2.39 
)( jj rff =        )( 1+<< jj rrr                      ………………………2.40 
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where, )( 1+= jjj rrr  are the geometric mean radius of each coarse 
interval. 
While discussing the problem of inverting numerically the integral 
equation, Phillips (1962) and Twomey (1963), found that the solution vectors are 
highly oscillatory if equation (2.37) is directly solved by minimizing ∑εi2. Their 
discussions regarding the instability of the solutions indicate that the oscillations 
are due to the measurement errors and the absence of information about the 
exact form of kernel (integrand of equation (2.37)) functions. Phillips (1962) 
suggested that constraints have to be added in order to select a physically 
meaningful solution from a family of possible solutions which satisfy equation 
(2.37). As suggested by Phillips (1962), smoothing constraints are introduced 
such that the sum of squares of the second derivatives of the solution points is 
minimized. Another constraint is also introduced which requires all the solution 
vectors to be positive which is known as positivity constraint (King, 1982). This 
essentially arises from the fact that negative values for the size distribution 
function are physically meaningless and improbable. The solution vector fj (in 
equation (2.38)) is then obtained by minimizing the performance function defined 
by (King, 1982) as, 
2
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where, γ is a non-negative Lagrange multiplier. If the measurements are 
correlated with known covariances, above equation (2.41) can be written as, 
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where, Cij is the measurement covariance matrix. 
Here the minimum value of P represents the statistically optimum estimate 
of f. In order to obtain the optimum value of f, the performance function is 
differentiated with respect to each of the fk coefficients, which results a set of 
simultaneous equations, 
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ij fHAC γε                          k=1,q                      ……..2.43 
where, the matrix H is a smoothing matrix defined by Twomey (1963), 
which for p=q=6 (applicable for the present study) is given as, 
 
 
                   ………2.44 
 
 
 
                     
In matrix form, equation (2.44) is written as (King et al., 1978) 
ATC–1ε + γ H f=0                                                                       …………2.45 
Where, the superscript T and -1 represent matrix transpose and matrix 
inverse respectively. The solution vector f for which the equation (2.42) is a 
minimum is shown by king et al (1978) as, 
f = [ATC–1A+ γ H]–1 ATC-1τaλ                                                      …………2.46 
    1 -2 1 0 0 0  
    -2 5 -4 1 0 0  
H  =   1 -4 6 -4 1 0  
    0 1 -4 6 -4 1  
    0 0 1 -4 5 -2  
    0 0 0 1 -2 1  
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The Lagrange multiplier γ is introduced following King et al (1978) to 
achieve a fair degree of smoothing. Higher values of γ would mean higher 
smoothing because of the term γH in equation (2.45). The requirement of 
smoothing also arises from practical considerations. Away from prominent 
sources or sinks, the atmospheric aerosol system is subjected to microphysical 
processes and removal by sedimentation only. These processes continuously 
transform the aerosol size distribution so that after some time, the CSD would 
become a more or less smooth function of radius (r) with the signature of 
prominent sources and processes imprint upon it. Moreover, a rather smooth 
CSD is amenable for analytical representation to model the CSD and to retrieve 
the characteristic parameters and examine their features in relation to causative 
source characteristics and atmospheric processes. The solution covariance 
matrix is given as (King, 1982), 
S = [ATC–1A+ γ H]–1                                            ……………………2.47 
the diagonal elements of which represent the variance of the solution 
vectors. 
Initially a zeroth order weighting function h0(r) is assumed with an inverse 
power-law form ( ν−= Cr
rd
dN
)(ln
) in equation (2.39) from which the first order 
solution vectors fj 1 values are computed from equation (2.46).  These values are 
assumed valid at the geometric mean radius (rj) of each of the coarse intervals. 
The value of f 1(r) is obtained by linear interpolation in log-log scale between rj 
and rj+1. the first order weighting function are determined as h1(r)=h0(r) f 1(r)which 
would now represent, the actual size distribution better than the initially assumed 
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weighting function. The first order weighting function is substituted in equation 
(2.39) and second order fj 2 and f 2(r) are obtained using (2.46) and interpolation. 
This iterative procedure is continued until a stable solution is obtained. During 
each of these iterative steps to estimate fj ; equation (2.46) is solved by iterating 
on γ, varying it from a very small value till the positivity constraint is satisfied. 
The extinction efficiency factor Qext is determined by the equation (Mc 
Cartney, 1976), 
[ ]∑∞
=
++=
1
2 )Re()12(
2
K
kkext baKk
Q                                      …………..2.48 
where, ak and bk are the Mie coefficients and k is the size parameter 
(k=2πr/λ). 
 
Practical Considerations 
In the numerical inversion procedure described in the previous section, the 
lower and upper radii limits (ra and rb respectively) of integration represent the 
radius range of aerosols that contribute significantly to Qext for the range of 
wavelengths considered. The value of ra is dependent on the lowest wavelength 
(380 nm in the present study) and rb to the longest wavelength (1020 nm in the 
present study) used in MICROTOPS II sun photometer. From literature it is 
known that ra=0.05 and rb=3.0 µm is an optimal choice. 
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Refractive Index 
 For the estimation of Qext, the value of refractive index is required. 
Refractive index depends on the chemical composition of aerosols and as such 
is different for different types of aerosols. Refractive index values as a function of 
wavelength are available in the literature for different types of aerosols (Shettle 
and Fenn, 1979; d’Almeida et al., 1991).  
 
Selection of Lagrange Multiplier 
In performing the inversion procedure described above, the selection of the 
Lagrange multiplier is important as has already been pointed out in 4.2.1. Since 
γH gets added to ATC-1A (in equation (2.46)) to produce smoothing, King (1982) 
suggested that the value of relative Lagrange multiplier (γrel) is important rather 
than γ alone. He defined the relative Lagrange multiplier as, 
γrel =  γ H11/[ATC-1A]11                              ………………………2.49 
 
Here it may be noticed that the value of H11is equal to 1 (equation (2.44)). As the 
value of γrel is varied in an iterative manner starting from a very low positive 
value, in steps till all the solution vectors satisfy the positivity constraint for the 
first time. The iteration on γrel is stopped at this stage.  
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Final Solutions 
In the iterative technique of solving for f(rj) starting from a zero order weighting 
function h0(r), a set of solution vectors are obtained after each iteration, once the 
positivity constraint is satisfied. The choice of the final solution vectors to 
represent nc(r)  from these or in other words, how long the iteration is to be 
repeated is decided, depending on the solution vectors satisfying two more 
additional constraints, both being important from practical and physical 
considerations. The first of these is the obvious consequence of equation (2.36) 
where nc(r) is expressed as the product of a fast varying function h(r) and slow 
varying function f(r). As the iteration proceeds, the successive solutions 
(satisfying the positivity constraint) should be increasingly closer to the true CSD 
so that h1(r) will be better represent nc(r) than h0(r); h2(r) still better and so on. 
This way, as h(r)? nc(r), all the solution vectors f(rj) will tend to unity as seen 
from equation (2.36). This is an indication of approaching stable solutions. In this 
study, the final solution vectors always lie within 0.9 to 1.1. Further iterations will 
not yield any improvement on fj values. The second constraint used was that the 
retrieved CSD when put in the direct equation for τaλ (equation (2.38)), should 
reproduce τaλ  agreeing with those obtained from MICRITOPS II sun photometer 
measurements and fed as input,  within limits permitted by the measurement 
errors. This is a very important physical requirement. Thus after each iterative 
estimate of fj satisfying the positivity constraint, τaλ are re-estimated using 
equation (2.38) and the rms deviation between the re-estimated values and those 
from the measurements are compared with the mean input error. The solutions 
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are considered acceptable only when the former is much lower than the latter 
and at any wavelength the re-estimated τaλ did not deviate from the input by more 
than double the error at that wavelength. Then the solutions which satisfy all the 
three constraints including positivity constraint is taken as the optimal one. 
From the inverted size distributions we may compute a number of physical 
properties like mass, surface area and effective (area-weighted) radius for the 
column of particles. The surface area-radius distribution has significance since 
surface of aerosols provides centers for various chemical reactions as well as 
they offer cross-section for scattering. Volume or mass-radius distribution 
indicates the extinction properties of aerosols of different sizes as well as 
provides information for assessing aerosol loading in environmental studies.   
Here we are interested in physical properties hence, CSD and effective 
radii of dominated aerosols are estimated for different months. For this, data 
collected during quiet and stable days are taken into consideration. Aerosol size 
distribution results have been obtained for three years (March 2005 to February 
2008) and the results of a representative selection have been presented with a 
discussion of the relative frequency of occurrence of two types of distributions in 
chapter 4. 
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CHAPTER 3 
AEROSOL CHARACTERISTICS OVER RAJKOT 
(SEMIARID URBAN REGION): OPTICAL PROPERTIES 
 
3.1. Introduction 
The overview of atmospheric aerosols and their significance are discussed 
in chapter-I. Aerosol optical depth (AOD) is an important parameter to 
characterize the optical properties of atmospheric aerosols and hence formed the 
basis of the present chapter. Daily monitoring of AOD can tell about the variation 
in column concentration of aerosols over the measurement site (King et al., 1980; 
Moorthy et al., 1991, 1993; Gupta et al., 2003). The value of AOD depends on 
the columnar abundance of atmospheric aerosols which strongly depends on the 
source and the removal of particles, and also on the prevailing meteorological 
processes and airmass types influencing the aerosols during their lifetime in the 
atmosphere (e.g., Suzuki and Tsunogai, 1988; Moorthy et al., 1991; 1993; 
Smirnov et al., 1994; 2002; Vakeva et al., 2000). The impact of such natural 
processes will modify the properties in various time scales and lead to the 
observed temporal changes in aerosol characteristics within a day as well as 
over seasons. During ISRO-GBP aerosol research programme, regular 
measurements were made at Trivandrum a coastal rural site, Vishakhapatnam a 
coastal but industrialized (urban) site, Mysore a rural continental site and Pune a 
continental industrialized site for almost ten years and more recently (for about 
two years) at Jodhpur which represents an arid desert site and Minicoy a marine 
remote site (Moorthy et al., 1999, Subbaraya et al., 2000; and Gupta et al., 
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2003). AOD measurements at Rajkot are reported here for the first time (Ranjan 
et al., 2007). The chapter begins with a brief outline of the measurement and 
measurement site. 
The aerosol optical depth at six different wavelength over tropical semi-
arid Indian station Rajkot (22o18’ N, 70o44’ E and 142 m above sea level) is 
being monitored since June 2004 to study the aerosol characteristics. Rajkot is 
most important city of Saurashtra. The town is bisected by the Aji River. There 
are many small and large scale industries producing quality industrial product 
mainly oil engine - diesel engine products, foundry, forging & casting products, 
ceramic & sanitary ware products, agriculture products, automobile products, ball 
& roller bearing bush, building & construction products, and chemicals products. 
Rajkot is a semi-arid urban region near the Arabian Sea and there are no Aerosol 
measurements reported so far from this location. Probably the local aerosols are 
a good mixture of aerosols originating from wind blown dust, vehicular and 
industrial emission of smoke particles and marine aerosols. Rajkot is a major 
residential educational and commercial area. However there are no major 
industrial areas nearby of Physics Department. The measurement site (Physics 
Department) is located on the outskirts of the city.  It is important to monitor the 
Aerosol Optical Depth (AOD) at this site to delineate the aerosol characteristics. 
Hence, a project to study aerosols was initiated under ISRO-Geosphere 
Biosphere Programme (ISRO-GBP) in 2004 at Physics Department, Saurashtra 
University, Rajkot and still the measurements are continued under ISRO-Aerosol 
Radiative Forcing over India (ISRO-ARFI) projects. The measurements of 
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columnar AOD at this location using MICROTOPS-II sun photometer (version 
2.43) are being carried out at the wavelength 1020 nm since July 2004 and at 
five other wavelengths namely 380, 440, 500, 675 and 870 nm using the same 
instrument (version 5.5) since March 2005. Details of the instruments were 
discussed in Chapter-2.  Daily monitoring of AOD estimates the variation in 
column concentration of aerosols over the measurement site. Before discussing 
the behaviour of AOD over this location, it is appropriate to describe the 
meteorological conditions during the period of measurement and the following 
section deals with temperature, relative humidity and wind velocity over this 
location. 
 
3.2. Meteorological Conditions over Rajkot during 2004-07 
Rajkot is the central part of Saurashtra (Gujarat) and falls under tropical 
station. The year may be considered to be comprised of four major seasons 
(Ganguly et al, 2006), namely, (1) dry season (December to March) 
characterized by dry atmosphere, relatively low surface temperature and north, 
north-east and north-west prevailing winds,  (2) pre-monsoon  season (April–
May) characterized by warm surface conditions, westerly /north westerly winds, 
increasing humidity and no rainfall,   (3) Monsoon season (June to September) 
with rainfall, over cast sky and high humidity, and (4) post-monsoon season 
(October–November). The supplementary meteorological parameters like wind 
speed, ambient temperature, and relative humidity at Rajkot have been obtained 
from the web site www.wunderground.com. The observed meteorological 
conditions over Rajkot are discussed here. 
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3.2.1. Temperature 
The temperature at Rajkot is found to rise consistently from March to May. May is 
the hottest month with the mean daily maximum and minimum temperature at 
about 43 0C and 27 0C respectively. The onset of southwest monsoon by the 
middle of June slightly lowers the temperature, but the relief from heat is not 
significant due to the increase in humidity. With the withdrawal of monsoon after 
mid –September, days become hotter and in October, a secondary maximum in 
day temperature is reached. The nights become progressively cooler. After mid 
November, both day and night temperatures drop rapidly till January, which is the 
coldest month with the mean daily maximum (28 0C) and minimum (16 0C) 
temperature as shown in the Figure 3.1a. 
 
 3.2.2. Relative Humidity 
The variation in observed monthly mean relative humidity RH for the 
period June 2004 – December 2007 is shown in Figure 3.1b. The monthly mean 
RH shows peak value of about 81% and more in the month of August. Daily data 
shows that RH reached 98% and above, on a few days in the month of July and 
August, when the summer monsoon is active over Rajkot. Monthly mean RH 
value starts decreasing after August and continuously decreases till November. 
In December it shows a small increment and afterwards follows, more or less, 
increasing trend and regains the previous values in respective months. 
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 Figure 3.1: The top panel (a) shows Temperature, the middle panel (b) 
shows   Relative Humidity and the bottom panel (c) shows Wind 
Speed averaged over three year period 2005-2007 for Rajkot.  
 
     J       F      M     A      M     J       J       A      S       O     N      D 
MONTH
 89
3.2.3. Wind Speed and Direction 
Wind is an important factor to transport the aerosol from one place to another. 
The speed and its direction both are used to characterize the aerosol of different 
origin. In view of this the variation in monthly average surface wind speed and 
direction starting from June 2004 to December 2007 over this location was 
studied. Figure 3.1c shows that the wind speed is maximum with a value of about 
6-8 m/s during months of July and August, blowing from southwest (SW), 
whereas it is minimum with value of about 3-4 m/s in November and December 
blowing almost from east. Sometimes the wind speed reached up to 10-12 m/s in 
the month of May and June. Monthly mean wind speed showed an almost 
constant standard deviation of about 2.5 m/s. Wind generally moderates, but in 
summer and southwest monsoon season, it becomes stronger. The prominent 
wind directions during pre–monsoon are north-west (NW) and west (W). During 
monsoon, wind blows from the south-west (SW) direction. During post monsoon, 
the wind blows from east-south-east (ESE), east-north-east (ENE) and north-east 
(NE) directions. During dry season north-east (NE), north-west (NW) and north 
(N) flow is predominant (Sahu,2004; Chand et al., 2003). 
 
3.3. Observations 
The MICROTOPS II was operated regularly on days with clear sky 
conditions when no visible clouds were present across or near the solar disc. The 
presence of thick patchy clouds sufficiently away from the solar disc is neglected 
as the total field of view of the system is 20. However presence of invisible thin 
 90
cirrus clouds could not be detected easily and as such the data collected would 
be influenced by these whenever the thin cirrus clouds are present. Due to the 
above conditions, the availability of MICROTOPS II data has been very much 
limited during periods of adverse sky conditions particularly during the monsoon 
months (July and August) when the sky is generally cloudy and overcast. The 
observations are repeated at regular intervals of time (half an hour). Hourly 
averaged data collected during March 2005 to February 2008 are studied and the 
obtained results are presented in this thesis. The duration of data collection on 
any clear day has been, in general from morning to evening (i.e., 0900 to 1700 
hr). Observations are limited to the period such that the solar zenith angle does 
not exceed 700 (for χ<700, the relative airmass is estimated as, m=secχ  and for 
χ>700 the other formula is used as discussed in Chapter 2 under the section 
2.2.2).  Average monthly data from March 2005 to February 2008 is shown in 
Table 3.1a and performing the regression analysis on the monthly mean AOD 
spectrum, monthly mean Angstrom parameters are evaluated and given in Table 
3.1b with number of days of observation. 
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Month-Year AOD at different wavelength 
 380 nm 440 nm 500 nm 675 nm 870 nm 1020nm 
Mar 2005 0.129 0.19 0.201 0.234 0.246 0.259
Apr 2005 0.202 0.244 0.269 0.306 0.313 0.32
May 2005 0.229 0.252 0.265 0.301 0.31 0.318
Jun 2005 0.243 0.283 0.288 0.326 0.334 0.337
Jul 2005 -- -- -- -- -- -- 
Aug 2005 -- -- -- -- -- -- 
Sep 2005 0.188 0.217 0.25 0.322 0.348 0.348
Oct 2005 0.096 0.15 0.193 0.279 0.307 0.319
Nov 2005 0.091 0.135 0.178 0.258 0.284 0.29
Dec 2005 0.102 0.137 0.18 0.259 0.282 0.281
Jan 2006 0.126 0.133 0.172 0.242 0.261 0.26
Feb 2006 0.133 0.138 0.178 0.25 0.271 0.263
Mar 2006 0.145 0.189 0.217 0.272 0.284 0.267
Apr 2006 0.19 0.242 0.268 0.31 0.314 0.287
May 2006 0.22 0.269 0.292 0.334 0.342 0.313
Jun 2006 0.225 0.288 0.314 0.364 0.375 0.349
Jul 2006 -- -- -- -- -- -- 
Aug 2006 -- -- -- -- -- -- 
Sep 2006 0.174 0.213 0.256 0.336 0.358 0.352
Oct 2006 0.106 0.158 0.208 0.3 0.332 0.346
Nov 2006 0.091 0.15 0.204 0.293 0.321 0.327
Dec 2006 0.09 0.12 0.169 0.26 0.293 0.314
Jan 2007  0.117 0.156 0.2 0.279 0.304 0.306
Feb 2007 0.125 0.167 0.205 0.274 0.297 0.299
Mar 2007 0.139 0.202 0.236 0.296 0.317 0.302
Apr 2007 0.15 0.201 0.238 0.301 0.32 0.305
May 2007 0.211 0.253 0.277 0.321 0.33 0.314
Jun 2007 0.246 0.29 0.302 0.345 0.352 0.321
Jul 2007 -- -- -- -- -- -- 
Aug 2007 -- -- -- -- -- -- 
Sep 2007 0.137 0.186 0.218 0.294 0.317 0.315
Oct 2007 0.14 0.184 0.218 0.293 0.315 0.311
Nov 2007 0.076 0.121 0.174 0.27 0.297 0.299
Dec 2007 0.097 0.134 0.179 0.263 0.291 0.291
Jan 2008  0.094 0.123 0.169 0.255 0.291 0.29
Feb 2008 0.152 0.182 0.21 0.27 0.302 0.283
 
Table 3.1a:  Monthly mean AOD values at six different wavelengths 
estimated over    Rajkot using MICROTOPS II sun photometer 
for the year 2005–08. Observation was not made during July 
and August months every year due to unfavorable sky 
conditions.  
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Month-Year Angstrom Parameter No. of observations (days) 
  α β   
Mar 2005 0.601 0.152 13 
Apr 2005 0.438 0.219 26 
May 2005 0.33 0.235 26 
Jun 2005 0.311 0.257 13 
Jul 2005 -- -- Nil  
Aug 2005 -- --  Nil 
Sep 2005 0.659 0.195 9 
Oct 2005 1.184 0.114 9 
Nov 2005 1.164 0.106 6 
Dec 2005 1.057 0.114 13 
Jan 2006 0.838 0.125 22 
Feb 2006 0.814 0.131 10 
Mar 2006 0.634 0.162 20 
Apr 2006 0.423 0.214 22 
May 2006 0.371 0.243 30 
Jun 2006 0.44 0.253 20 
Jul 2006 -- --  Nil 
Aug 2006 -- --  Nil 
Sep 2006 0.7492 0.187 9 
Oct 2006 1.1812 0.123 14 
Nov 2006 1.258 0.112 11 
Dec 2006 1.3032 0.098 24 
Jan 2007  0.9917 0.13 4 
Feb 2007 0.8852 0.139 22 
Mar 2007 0.7595 0.164 8 
Apr 2007 0.7251 0.17 14 
May 2007 0.4098 0.229 23 
Jun 2007 0.292 0.265 10 
Jul 2007 -- --  Nil 
Aug 2007 -- --  Nil 
Sep 2007 0.841 0.154 5 
Oct 2007 0.8206 0.155 12 
Nov 2007 1.3905 0.092 4 
Dec 2007 1.1418 0.109 16 
Jan 2008  1.202 0.102 4 
Feb 2008 0.6821 0.161 20 
 
Table 3.1b:  Angstrom parameters (wavelength exponent ‘α’ and turbidity 
coefficient ‘β’) are evaluated performing the regression 
analysis on the monthly mean AOD spectrum for Rajkot for the 
year 2005–08. Numbers given in fourth column indicate the 
number of observation’s day of corresponding months.  
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About 20 measurements of Aerosol Optical Depth (AOD) are made on 
each day of observation at Rajkot using MICROTOPS II sun photometer. The 
procedure used to obtain AOD has been described in Chapter 2.  AOD observed 
over Rajkot shows short (within a day) and long (from month to month or season 
to season) term variations. In order to study the long term variations in AOD, the 
data are grouped according to months and seasons (as mentioned in section 
3.2). As monsoon season is active over Rajkot for four months June to 
September every year, due to unfavorable sky condition, there is no AOD data 
during July and August. Therefore only two months (June and September) 
grouped average data are taken as a representative data for each monsoon 
season.  The mean values of AOD and the corresponding standard deviations 
are evaluated separately for each month and each season. While determining 
the mean values, AOD values lying outside 2σ (where σ is the standard deviation 
of the mean value) levels of the mean are rejected as outliers. However the 
number of data points thus rejected does not exceed 2 in a month and 4 in a 
season. The mean values thus evaluated for different months and seasons are 
examined to study the monthly and seasonal variations in AOD. From the 
standard deviations of each monthly/seasonal ensemble, the standard error ε is 
evaluated as (Fisher, 1970), 
                                     ε = σ / N                …………..(3.1) 
where, N is the number of data points in the ensemble considered.  
 Monthly and seasonal variations have been discussed under the following 
sub-sections. 
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3.4. Results 
Monthly variations, seasonal variations, wavelength dependence of AOD 
and Angstrom parameters at Rajkot are studied and reported here under the 
following sub-sections. 
 
3.4.1. Monthly  Variations   
The monthly variations of the aerosol optical depth are shown in       
Figure 3.2 at six wavelengths namely 380, 440, 500, 675, 870 and 1020 nm with 
the vertical bar representing the standard errors. Aerosol optical depths show a 
consistent pattern with maximum values occurring during June month. A gradual 
increase in AOD is observed clearly from January till June followed by a 
decrease till December at higher wavelengths from 675 nm to 1020 nm. A 
comparison of the features seen in Figure 3.2 with that of wind speed in      
Figure 3.1c shows that these variations show general similarity. This suggests an 
association of AOD with wind speed. Aerosol optical depths averaged for the 
three year period March 2005 to February 2008 are shown in Figure 3.3 on a 
monthly basis.  
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Figure 3.2: Monthly variation of mean aerosol optical depth at Rajkot for  
                   March 2005  to February 2008 for  380,  440, 500, 675, 870 and  
                  1020 nm. Vertical bars represent the standard errors. Month to  
                  month variations at longer wavelength are more. 
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Figure 3.3: Monthly variation of mean aerosol optical depth averaged over                   
2005, 2006 and 2007 at Rajkot for 380, 440, 500, 675, 870 and                    
1020 nm. Vertical bars represent the standard errors. Month to                    
month variations at longer wavelength are more. 
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Maximum in AOD is observed during June and minimum during November to 
March which shows the consistency of the pattern over the three year period. 
The following may be noted from the Figures 3.2 and 3.3. 
(a) The monthly mean aerosol optical depth exhibits an oscillatory annual 
variation with a prominent peak occurring during May-June months. The 
AOD decreases from September to December at all wavelengths. The 
AOD at 870 nm shows gradual increase from January to June and it 
decreases from September onwards. This feature is also observed for the 
AOD at 1020 nm. A similar trend at different wavelengths has been 
reported by Niranjan et al., (1997), Narasimhamurthy  et al., (1998) and 
Ranjan et al., (2007).  
(b) Day to day variations in AOD within a month are small during January- 
February months and highest during June when the surface wind speed 
show high values and large variations. 
(c) The monthly variations of AOD are generally associated with those of the 
monthly mean wind speed. 
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3.4.2. Seasonal Variations  
The seasonal variation in AOD at six wavelengths as mentioned above 
measured over the entire period of our study from March 2005 to February 2008 
are shown in Figure 3.4. Vertical bar represents standard deviation. The symbols 
D, Pr, M, and Po represent Dry season (December to March), Pre-Monsoon 
season (April and May), Monsoon season (June to September but in our study 
there is no data for months of July and August each year therefore the Average 
data for June and September months is considered here as representative data 
for monsoon month) and Post-Monsoon season (October and November) 
respectively. Annual patterns of seasonal variability in AOD show more 
consistency at longer wavelengths than at smaller wavelengths (380 nm). During 
3 years of observations, AOD at 1020 nm has been lower and comparable 
(within ±1σ variation) during dry and Post-Monsoon seasons, while higher values 
are obtained during Pre-Monsoon and Monsoon seasons of the same year. Also, 
from Dry to Pre-Monsoon season, we notice an increase in AOD at all six 
wavelength channels. This happens because of two reasons: First, because of 
increased wind speed during Pre-Monsoon season, large quantities of soil 
derived dust aerosol gets lifted in the atmosphere from the dry lands of semiarid 
region all around our measurement location. Secondly, boundary layer height or 
the mixed layer thickness increases from Dry to Pre-Monsoon season, which 
provides a larger room for all kinds of natural and anthropogenic aerosols to get 
accommodated into it. Also, AOD values at higher wavelengths are more 
affected by naturally produced coarser aerosols, while the submicron sized  
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Figure 3.4: The seasonal variation of AOD for 380, 440 500 nm 675, 870 and 
1020 nm measured over entire period of our study from March 
2005 to February 2008. The terms Pr, M, Po and D stands for pre-
monsoon, monsoon, post-monsoon and dry seasons 
respectively. 
Pr M Po D Pr M Po D Pr M Po D
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aerosols produced mostly because of various anthropogenic activities contribute 
maximum to AOD at smaller wavelengths. While there is no significant change 
occurring in the local production of aerosols from anthropogenic activities such 
as fossil fuel combustion or industrial emissions, there is always an increase of 
dust aerosols in the atmosphere from Dry to Pre-Monsoon season. Thus both 
these factors cause AOD values at all wavelength channels to increase over the 
first half of the year, the trend being much stronger and consistent at higher 
wavelengths. Also, AOD at almost all wavelength channels continue to maintain 
higher values during monsoon season because not only winds which are capable 
of lifting dust aerosols remain high during this season but also the higher relative 
humidity facilitates hygroscopic growth of several water soluble aerosols in the 
atmosphere. Although monsoon season spans from June to September and 
Rajkot gets almost all of its total annual rainfall during this period, it is expected 
to see a decrease in AOD values due to wet removal of aerosols during rain 
events. However, this decrease does not seem to be always taking place 
primarily because even during monsoon, rainfall in Rajkot is not very uniformly 
distributed over the entire season but occurs in certain spells with large 
intermittent gaps. Although the surface level wind flow is predominantly 
southwesterly, transport of dust aerosols from distant regions of west Asia and 
northern Africa to this region continue to occur at higher altitudes during this 
season. Total aerosol loading in the atmosphere over any location depends on 
the balance between production of aerosols from all possible sources (either 
locally produced or transported to that location by wind) and their sinks (either 
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gravitational settling or transported to other locations by wind). This means that 
even if there is no difference in source strength of aerosols, any weakening of the 
sink mechanisms can result in pile up of aerosols in the atmosphere which may 
manifest itself in terms of higher aerosol optical depth. This is what happens 
during Post-Monsoon season of all the years. Because of much weaker wind 
speeds during Post-Monsoon, dispersal of aerosol becomes much slower and 
those produced within city are not properly ventilated or get transported to other 
downwind locations. This causes AOD to attain much higher values during Post-
Monsoon compared to following dry season.  
Although a seasonal variation of AOD at any single wavelength gives 
some idea about the changes in total columnar aerosol loading, comparison of 
spectral AOD measured during different seasons can provide further insight on 
relative changes in columnar aerosol size distribution occurring at different times 
of a year. Hence following section deals with spectral dependence of aerosol 
optical depth over Rajkot. 
 
3.4.3. Spectral Dependence of AOD 
The attenuation of solar radiation by aerosol particles is strongly 
dependent on the size of the particle and the wavelength intervals considered. 
Therefore, investigations of the spectral variation of aerosol attenuation within the 
near UV, visible and near-infrared regions could be very informative. By 
evaluating the aerosol extinction spectrum, fingerprints of suspended particles in 
air masses of different origins can be traced. Recently, AOD and turbidity has 
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been continuously monitored on a global scale from satellite platforms (Penner et 
al., 2002). Knowledge on the spectral dependence of AOD is important for 
adequately modeling the effects of aerosols on the radiation budget of the Earth-
atmosphere system or for accurately retrieving the aerosol optical parameters 
from satellite-remote sensors (Eck et al., 1999). However satellites–based 
techniques as well as their associated retrieval algorithms still have limitations 
and in many instances, ground-based observations are crucial for reliable 
interpretations. The wavelength dependence of AOD varies between different 
aerosol types because of their different physical and chemical characteristics. As 
a result of the recent concern over possible climate changes caused by the 
increased aerosol loading and the lack of available aerosol extinction data to 
quantitatively address the issue, there is a need to quantify turbidity parameters, 
particularly over regions where such data are scare. In this connection, the 
wavelength dependence of AOD collected during the study period is examined 
using the method discussed in Chapter 2 under section 2.4.1 and compared 
them with the results obtained for other Indian stations. In addition, the use of the 
Ångström formula for approximating aerosol spectral attenuation in different 
turbidity situations and the effect of the wavelength dependence on spectral 
turbidity are also discussed here.  
The spectral variation of aerosol optical depths are examined by plotting 
the monthly mean AOD values in Figure 3.5 as a function of wavelength (λ) for 
the year 2005–07. In general, the spectral dependence of AOD remains nearly 
similar particularly during January to April and November, December. 
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Another important parameter estimated from multi-spectral measurement 
of aerosol optical depths is Angstrom wavelength exponent α, which is actually 
the slope of a plot between logarithm of AOD verses logarithm of wavelength (in 
micron units). Angstrom parameter α is useful to compare and characterize the 
wavelength dependence of AOD and columnar aerosol size distribution (Eck et 
al., 1999; Cachorro et al., 2001). For example, a relative increase in the number 
of larger sized particles with respect to the smaller ones results in a decrease in 
the value of α and vice versa. However, α estimated from MICROTOP measured 
AOD depends on the wavelength pair used for the computation. In a separate 
study, Reid et al. (1999) have shown that  α computed using shorter wavelength 
pair is more sensitive to changes in the amount of nucleation and accumulation 
mode particles than when estimated using longer wavelength pairs.  
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Figure 3.5: Wavelength dependence of AOD from January to June. 
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Figure 3.5: Wavelength dependence of AOD from September to December 
(Continued). 
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3.4.4. Seasonal Variations of Angstrom Parameters 
Angstrom parameters wavelength exponent α and turbidity coefficient β are 
computed using Angstrom relation, 
αβλτ −= ………………………(3.2) 
where τ is the measured AOD  at wavelength, λ  and β is the turbidity coefficient 
and α is the wavelength exponent. β represents aerosol loading into the 
atmosphere. Method of computation of Angstrom parameters is discussed in 
Chapter 2. Figure 3.6a shows the monthly variation of wavelength exponent (α) 
and turbidity coefficient (β). From this figure the seasonal variation of α and β is 
very clear and it is seen that wavelength exponent is high during October to 
February and low during rest of the months. Turbidity coefficient β  shows inverse 
relation with wavelength exponent (Figure 3.6b).  
In order to know the dominating factor which causes α to change from one 
season to another, we have computed this parameter for different wavelength 
intervals. Figure 3.7 shows the seasonal variation of α computed for three 
different wavelength intervals, each one of which is averaged over 3 years of 
AOD data from 2005 to 2007. Vertical lines on top of each bar represent ±1σ 
variation about the mean value for that season during the entire period of study. 
At first, Angstrom parameter α is calculated using AOD values for all the 
channels (from 0.38 to 1.02 µm) and is also computed for two different 
wavelength pairs, namely, 0.38–0.5 and 0.5–1.02 µm. In the present study, we  
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Figure 3.6(a):  Top panel shows monthly variation of wavelength exponent, 
α and the bottom panel shows monthly variation of turbidity 
coefficient, β over Rajkot from March 2005 to February 2008. 
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Figure 3.6(b): Inverse relation between wavelength exponent, α and 
turbidity     coefficient, β 
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Figure 3.7: Seasonal variations of Angstrom parameter estimated at 
wavelength range 380 to 1020 nm, 380 and 500 nm and 500 and 
1020 nm. 
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find that a value computed using the complete spectrum of measured AOD are 
almost same when computed for the longer wavelength pair of 0.5–1.02 µm in all 
seasons, except during Dry and Post-Monsoon seasons, when a value derived 
for the shorter wavelength pair is found to be smaller than its corresponding 
values derived for larger wavelengths. Nevertheless, the patterns of seasonal 
variation of  α computed using all the three wavelength pairs are similar. 
Seasonal mean Angstrom parameters (α and β) are given in Table 3.2 along with 
the values reported, in the recent years, over Indian landmass and the adjoining 
oceans by several investigators along with relevant references. From Table 3.2 it 
is evident that the high values of α (>1.0) are a consistent feature over most of 
the Indian landmass during Dry season; ofcourse, local anomalies occur 
depending on region specific industrial /urban activities or coastal or arid nature 
of the sites. In contrast, the low values of α in Monsoon season is analogous to 
that seen over far oceanic environments in winter or over the extensively dust 
infested region of northern India (Kanpur); in both the cases there is an increased 
influence of natural, coarse mode, aerosols. Extensive measurements over 
different environments have shown that the high values of α are typically 
associated with continental aerosols (Hess et al., 1998) or over oceans adjacent 
to continents and influenced by a continental airmass (Hoppel et al., 1990; 
Satheesh and Moorthy, 1997; Moorthy et al., 2005), whereas over remote marine 
environments, far away from continents and under the influence of a marine 
airmass, the AOD spectra tend to become flat (Hoppel et al., 1990; Smirnov et 
al., 2002; Moorthy et al., 2001).  Examining our results in the light of the above, it  
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Season Location α β Reference 
Kanpur  1.26±0.25 … Sing et al. (2004) 
Dibrugarh ~1.30 .. Bhuyan et al. (2005) 
Vishakapatnam 1.08±0.03 0.19 Ramachandran (2004) 
Trivandrum  1.0±0.08 0.17 Ramachandran (2004) 
Port Blair 1.24 0.14 Moorthy et al. (2003) 
Kaashidhoo 1.23±0.21 0.09 Satheesh et al. (1999) 
Arabian Sea -coastal 0.97±0.23 0.18 Satheesh and Moorthy (1997) 
- far(>800 km) 0.50±0.30 0.19 Satheesh and Moorthy (1997) 
Arabian Sea (mean) 0.84±0.38 0.26 Satheesh et al. (2001) 
Coastal India 1.49±0.10 0.14 Ramachandran (2004) 
Arabian Sea  1.50±0.05 0.10 Ramachandran (2004) 
Tropical Indian Ocean 1.52±0.11 0.05 Ramachandran (2004) 
Bay of Bengal  1.23±0.43 0.2 Satheesh et al. (2001) 
Far Indian ocean 0.61±0.01 0.09 Moorthy et al. (2001) 
Indian ocean  0.50±0.19 0.24 Satheesh et al. (2001) 
Trivandrum  1.10±0.03 0.2 Moorthy et al. (2007) 
Minicoy ~1.30 ….. Vinoj et al. (2008) 
Dry 
(December to 
March)               
Rajkot  1.02±0.25 0.12 Present study 
Bangalore  1.30±0.01 0.13 Moorthy et al. (2005) 
Kanpur  0.60±0.31 ... Sing et al. (2004) 
Arbian Sea  1.17±0.03 0.21 Moorthy et al. (2005) 
Trivandrum  0.85±0.04 0.22 Moorthy et al. (2007) 
Minicoy ~0.8 ….. Vinoj et al. (2008) 
Pre-Monsoon 
(April & May) 
Rajkot  0.46±0.14 0.21 Present study 
Kanpur  0.66±0.45 … Sing et al. (2004) 
Dibrugarh ~0.60 …. Bhuyan et al. (2005) 
Arabian Sea  0.35±0.12 0.36 Vinoj & Satheesh (2003) 
Trivandrum  0.32±0.02 0.25  Moorthy et al. (2007) 
Minicoy ~0.40 ……. Vinoj et al. (2008) 
Monsoon 
(June to 
September) 
Rajkot  0.54 ±0.22 0.22 Present Study 
Bangalore  1.06±0.02 0.12 Babu et al. (2002) 
Kanpur  1.12±0.28 ….. Sing et al. (2004) 
Trivandrum  1.20±0.01 0.16 Moorthy et al. (2007) 
Minicoy ~0.70 ……. Vinoj et al. (2008) 
Post-
Monsoon 
(October             
& November) 
Rajkot  1.17±0.09 0.11 Present study 
 
 
Table 3.2: Ǻngström parameters over various Indian locations as well as 
marine locations around India along with that observed over 
Rajkot. 
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is clear that the columnar aerosol properties over Rajkot closely resemble that of 
a typical mixture of marine and continental arid environment during Monsoon 
season, while it behaves almost like a polluted and anthropogenically influenced 
continental site during Dry season, with the synoptic transition periods (Pre-
Monsoon and Post-Monsoon) coming in between. 
Lower AODs for the entire spectrum obtained during Dry season suggest 
that total aerosol loading in the atmosphere is usually low during this season 
compared to all other seasons. When Dry season changes to Pre-Monsoon, we 
notice an increase in AOD values at all wavelength channels. However, 
importantly, this increase is found to be spectrally non-uniform as percentage 
increase in AOD at 1020 nm during this seasonal transition is more than 100% 
while the corresponding increase in AOD at 380 nm is merely 17%. On the other 
hand, we find a large drop in α values over the same period. As mentioned 
earlier, decrease in α can occur either because of a relative decrease in number 
of fine mode particles with respect to coarse mode or because of an increase in 
coarse particles with respect to fine mode particles. It can be seen from Figure 
3.7 that α values computed using the longer wavelength pair, which is more 
sensitive to changes in the amount of coarse particles, exhibit maximum 
decrease while changing from Dry to Pre-Monsoon season. Also, since AOD at 
higher wavelengths are more sensitive to changes in coarse particles while those 
at smaller wavelengths are susceptible to changes in fine mode particles, 
suggests that an increase in the amount of coarse particles (mostly supermicron) 
relative to other fine mode (mostly submicron) aerosols is the dominating factor 
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responsible for the observed non-uniform shift in AOD spectrum during this 
change of season from dry to Pre-Monsoon. No significant change in the average 
AOD spectrum is observed from Pre-Monsoon to monsoon season except some 
marginal increase in the AOD values at wavelengths shorter than 675 nm, with a 
marginal increase in the a value estimated using all the wavelength pairs. These 
observations suggest that there must be a small increase in the total amount of 
submicron aerosols in the atmosphere from Pre-Monsoon to Monsoon season. 
The observed increase actually occurs because of increased volume being 
available to these aerosols to distribute themselves in the atmosphere. During 
Post-Monsoon season, AOD spectrum takes different shape with further increase 
in AOD values at wavelengths shorter than 500 nm while a large drop is seen in 
the AOD values at longer wavelengths, with a simultaneous increase in α values 
computed using all the three wavelength pairs (Figure 3.7). Once again we find 
that the percentage increase in α value derived using the longer wavelength pair 
is maximum, suggesting that as the season changes from Monsoon to Post-
Monsoon period, amount of smaller particles increase and coarser particles 
decrease in the total atmosphere. The decreasing amount of coarser particles 
play a dominating role in shaping the AOD spectrum during Post-Monsoon 
season. This decrease in the amount of coarser particles is expected as the wind 
speeds are minimum during this season and also after the monsoon rainfall, the 
growth of vegetation and grass offers resistance to the production mechanism of 
wind derived dust aerosols.  
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3.5. Comparison with Satellite Data 
The major problem in Aerosol characterization is on account of their 
lifetime because of which they have high spatial and temporal variability [Seinfeld 
and Pandis, 1998]. Besides, the transport processes may bring in aerosols from 
other locations and affect the local climate there. These factors reinforce the 
necessity of aerosol monitoring on a larger spatial scale than can be provided by 
the ground based measurements (IPCC, 2001). Satellite based observations can 
provide detailed knowledge in this regard on a long time scale covering a large 
spatial area (Kaufman et al., 2002). They have an additional advantage, 
compared to conventional ground based observations, in that, since the same 
instrument is making observation globally, the aerosol concentration at different 
locations can be compared which will not be affected by the calibration errors of 
the instrument. From space based instruments aerosol monitoring consists in 
extracting the atmospheric contribution from the total signal measured by the 
satellite sensor. Aerosol monitoring from previous sensors was limited to studies 
over oceans which have a distinct advantage in that the total measured signal is 
not much affected by reflectance from ocean surface away from sun-glint area 
(King et al., 1999). Aerosol retrieval over oceans is thus more accurate and 
reliable. Studies over land are comparatively more challenging because of the 
large surface reflectance which may introduce considerable errors in the 
retrieved results. The initial attempts for aerosol retrieval over land were made 
with the launch of the POLDER instrument (Deschamps et al., 1994) which 
utilized the information regarding the polarization state of the radiation for the 
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purpose (Leroy et al., 1997) but had limitations with onboard calibration. It lasted 
for only 8 months due to technical problems in the spacecraft. Aerosol monitoring 
over land entered a new era with the launch of the Moderate Resolution Imaging 
Spectroradiometer (MODIS) instrument (Barnes et al., 1998) onboard the NASA 
satellites Terra and Aqua in 1999 and 2002 respectively. It measures the Earth 
leaving radiances in 36 high resolution bands from 0.4 to 14.0 microns with a 
spatial resolution of 250 m, 500 m and 1 km depending on the wavelength. Its 
large swath of 2330 km allows the nearly global coverage within 1 or 2 days. The 
wide spectral coverage has advantage in deriving aerosol size distribution 
information and hence in uncoupling the total aerosol amount into contribution 
from natural and anthropogenic parts (Kaufman et al., 2005). Parallel 
measurement in visible and IR channels has also helped in overcoming the 
biggest obstacle in the aerosol retrieval over land viz, the separation of the 
surface reflectance part from the total measured signal (King et al., 1992, 1999, 
2003). In spite of these advantages, the space based measurements from 
MODIS, like any other sensor, suffer from various drawbacks. These include 
possibility of cloud contamination and errors arising due to various assumptions 
in the retrieval algorithm principally about the aerosol type and surface 
reflectance. To circumvent the uncertainties pertaining to these parameters, the 
procedure relies on the ground based observations which provide the exhaustive 
database of the aerosol microphysical properties (D’ Almeida et al., 1991; Holben 
et al., 1998). Even after the retrieval has been accomplished, the satellite 
retrieved data has to be validated against the ground truth data. Being based on 
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the measurement of attenuation in direct solar radiation, data from ground based 
observations are not limited by the aerosol type and surface reflectance related 
constraints. Hence they represent the benchmark against which to verify the 
accuracy and validity of satellite based retrievals. An extensive validation 
exercise tests the effectiveness of the retrieval algorithm, conditions under which 
it works satisfactorily and cases where further improvement is needed. Further, 
the validation exercise helps to quantify the improvements to the algorithm which 
are made from time to time. Validation of MODIS aerosol optical depth data 
started and is in progress nearly since the data from the sensor started coming 
in. Chu et al. (2002, 2003), Ichoku et al. (2002, 2003), Remer et al. (2002, 2005), 
Levy et al. (2005) and several other groups working on the validation efforts 
report their results based on the extensive validation of the aerosol product at its 
different stages of development. A detailed and extensive validation of the 
MODIS data over the Indian subcontinent has been done. For example, Tripathi 
et al. (2005) studied 1 year of Level 2 data, Misra et al. (2008) studied 4 years of 
Level 2 data over Ahmedabad whereas Jethva et al. (2005) and Prasad and 
Singh (2007) used Level 3 data for their comparisons. The present section 
discusses the comparison of 3 years of the Level 3 MODIS retrieved aerosol 
optical depth at 550 nm over Rajkot, an urban location in western India.  
The daily mean MODIS Terra derived Level 3 10 × 10 grid aerosol optical 
depths (AOD) at 550 nm over Rajkot are used for analysis by the method 
described by Kaufman et al., 1997. 550 nm AOD which are above 0 and less 
than 1.0 are only considered. This limit is imposed on the assumption that AOD 
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value greater than 1.0 would have resulted most likely due to cloud 
contamination (Chung et al., 2005). Monthly averaged data for three years (2005 
to 2007) are computed from the daily AOD and are used in the study. MODIS 
AOD is derived at 550 nm while MICROTOPS II AOD is derived at 500 nm. In 
order to compare AOD at the same wavelength MICROTOPS II derived AOD at 
500 nm were interpolated to determine the AOD at 550 nm following Angstrom 
power law,  
                        
αττ −= )500/550(500550   ……………….(3.3) 
where τ550 is the AOD at 550 nm, τ500 is the AOD at 500 nm and α is the 
Angstrom wavelength exponent in the 440–675 nm wavelength region. The 
computed values of α are in the range 0.31 to 1.15. In Figure 3.8 AOD at 550 nm 
obtained from MODIS and MICROTOPS II for January–December 2007 are 
plotted, as an example. A good comparison is found between AOD derived from 
MODIS and MICROTOPS II during January–December. The absolute difference 
between MODIS and MICROTOPS II AOD was found to be low (0.02 ± 0.013) 
during Dry season (December to March), (0.05 ± 0.03) during Pre-Monsoon, high 
(0.07 ± 0.03) during Monsoon and (0.04 ± 0.04) during post monsoon over 
Rajkot.  Tripathi et al. (2005) estimated that the average absolute difference 
between MODIS and AERONET AOD during Pre-Monsoon was high (0.4 ± 0.2) 
because of dust loading over the Indo-Gangetic basin and low (0.12 ± 0.11) 
during post monsoon and winter season when dust loading over Kanpur was 
absent. The absolute difference between MODIS and AERONET AOD during 
January–May and August–December of 2001–2005 over Kanpur is 0.08 ± 0.07,  
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Figure 3.8:    Comparison of AOD at 550 nm obtained from MICROTOPS and 
MODIS on board terra Satellite.     
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Figure 3.9: Correlation between MODIS and MICROTOPS data. 
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while during June–July the absolute difference in the 5-year period is estimated 
to be 0.24 ± 0.10. During June–July when the southwest monsoon is active over 
most of India MODIS overestimates the AOD. It should be noted that during the 
Monsoon months it is cloudy and retrieval of AOD could be affected by the cloud 
cover. The intense cloud cover restricts the number of days of AOD retrievals 
during this period.  
In Figure 3.9 MODIS AOD and corresponding daily mean MICROTOPS 
AOD calculated in the present work for the period March 2005 to December 2007 
for Rajkot are plotted (number of data points, N = 430, and correlation coefficient, 
r = 0.82). Remer et al. (2005) point out that MODIS aerosol products are 
sufficiently accurate for a wide variety of studies including estimates of aerosol 
radiative effects. 
 It is worthwhile to mention here the validation efforts at other locations by 
different groups and compare them with the results we have obtained. The major 
source providing the ground truth data for validation efforts elsewhere comes 
from the AERONET (Holben et al., 1998).  Chu et al., (2003) reported the 
validation result of MODIS aerosol optical depth as compared against the 
handheld sun photometer observation at Peking University, Beijing, China. In this 
case, they compared the sun photometer measurements at 550 nm averaged 
over ±1 h of MODIS overpass against the MODIS derived AOD value within 10 
km of the ground based observation site. This comparison showed a slope of 
0.86 and intercept of 0.08 with r value of 0.85. Tripathi et al. (2005) found an 
overestimation by MODIS during dust and an underestimation during non-dust 
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seasons with slopes and intercepts in the two cases 2.46, -0.63 and 0.69, 0.12 
respectively. The squares of r values in both the cases (0.72 and 0.71 
respectively) were nearly same. In the context of studying the aerosol properties 
and their variation along the Indo-Gangetic basin, Jethva et al. (2005) compared 
the monthly mean AOD at 550 nm computed from MODIS Level 3 daily gridded 
data with the AERONET sun photometer derived monthly mean AOD values 
from Kanpur, India for the period January 2001 to July 2003. They found a 
systematic overestimation by MODIS during summer and an underestimation 
during winter (Jethva et al., 2005). Prasad and Singh (2007) validated the 
MODIS monthly averaged Level 3 data against the Level 2 data from AERONET 
at 550 nm (interpolated from AERONET wavelengths) for a 4 year period from 
January 2001 to December 2004. They found MODIS overestimating the AOD 
values during summer and underestimating during winter with slope and intercept 
in the two cases 0.51, 0.52 and 0.48, 0.15 respectively. This validation and 
comparison illustrate that MODIS aerosol product (AOD) can be used to study 
the spatial and temporal variations in aerosol characteristics as the MODIS 
derived AOD capture the major part of seasonal variations and the dominant 
aerosol type.  
 
 
 
 
 
 120
3.6.  Discussion 
On the basis of meteorology, the annual cycle is divided into Dry, Pre-
monsoon, Monsoon and post-Monsoon seasons. Pre-Monsoon and Monsoon 
months are dominated by coarse mode aerosols whereas the Post-Monsoon and 
Dry months are characterized by fine mode particles. The results of the present 
study show that the properties of aerosol are strongly dependent on airmass 
history (Ranjan et al., 2007b; Moorthy et al., 1991, 1993). During continental 
airmass period (Post-Monsoon and Dry months), the accumulation and fine size 
range dominate while during marine air mass period (Pre-Monsoon and Monsoon 
months) it is coarse and large particles that dominate. The increase in 
accumulation and fine range aerosols during the dry months (continental 
airmass) is due to the combined effects of continental sources (being stronger), 
long distance transported aerosols and secondary sources (Gas to particle 
conversion).  
During pre-monsoon months, the land surface is rather dry and the dry soil 
becomes an important source of continental aerosols. The removal process 
being weaker (no rain), aerosols have relatively larger lifetime. Generally, fair 
weather conditions exist during this period with clear sky. Owing to this, a higher 
fraction of the ground reaching solar energy is converted to sensible heat flux 
(150-200 Wm-2) giving rise to increased thermal convection in the boundary 
layer, conducive for vertical transport of aerosols. There is a wider fluctuation 
between the maximum and minimum temperature (14 0C) as seen in Figure 3.1a. 
All these are conducive for local aerosol generation. Secondary (gas to particle 
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conversion) production mechanisms are important during this season. Long 
distance transport also becomes important during this period (by the prevailing 
winds) from source regions lying deeper in land. 
 During dry and post monsoon months the airmass being continental and 
the major operating source being of land origin, these are mainly in the 
submicron size regime. During period of marine airmass (pre-monsoon and 
monsoon months), the super micron particles contribute most to the ambient 
aerosol concentration. This enhancement occurs rather gradually, associated 
with the change in synoptic airmass.  
Gupta et al., (2003) reported that the columnar aerosol optical depth 
measurement at 400, 499, 668 and 858 nm shows seasonal variation with high 
values in summer and low values in winter. They found the AOD values show 
more or less similar behaviour at all the wavelengths during the entire period of 
observation at Indore (22.70 N, 75.90 E). The values of AOD for different 
wavelengths were found in the range from 0.3 to 0.4 in the month of May and 
from 0.4 to 0.6 in June.  
Ramachandran (2007) using MODIS monthly mean AOD data at 550 nm 
studied over four urban areas in India: Chennai, Mumbai, Kolkata and New Delhi 
for the year 2001-2005. His studies conclude that monthly mean 550 nm AOD is 
higher than 0.30 in all the four locations and show prominent seasonal variations 
of summer high and winter low. A strong convection in summer accompanied by 
a deeper boundary layer and hygroscopic growth of fine mode water soluble 
aerosols result in higher AOD during summer monsoon. The five year mean AOD 
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is 0.4 in Chennai and Mumbai while in Kolkata and New Delhi it is >0.55.  The 
three year mean AOD at 550 nm is 0.31 in Rajkot. Rajkot is a small city and less 
polluted in comparison to metropolitan cities like Chennai, Mumbai, Kolkata and 
New Delhi. Aerosol optical depth at a particular location is dependent on a 
number of factors including the aerosol burden throughout the atmospheric 
column, the aerosol size distribution, and the chemical composition (as it relates 
to water uptake and refractive index). RH over Chennai is found to show less 
variation during the two seasons and the RH values are in the 66–71% range. 
AOD ratio defined as June–September average AOD divided by January– March 
average AOD is estimated to be 1.28 over Chennai. It is to be noted that in 
Chennai seasonal pattern in AOD is less pronounced when compared to other 
locations. Averaged RH values during southwest monsoon were found to be 
higher than the winter season over Mumbai, Kolkata and New Delhi. AOD ratios 
are found be higher for Mumbai (1.76) and New Delhi (1.91) indicating that the 
increase in RH is one of the causes for the increase in AOD during southwest 
monsoon, which is quite consistent with the urban aerosol model AOD values. 
AOD ratio is high for Rajkot (1.44) indicating the presence of hygroscopic 
aerosols in the atmosphere over here. Over Kolkata even though RH in the 
southwest monsoon is 92% the AOD ratio is found to be low (1.18). This 
indicates that over Kolkata nonhygroscopic aerosols in fine mode could be 
contributing principally to the AOD when compared to other locations throughout 
the year.  
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The increase in AOD during Monsoon season and the positive correlation 
obtained between AOD and rainfall (Ramachandran, 2007) suggest that (1) the 
prevailing strong convection in summer results in a deeper boundary layer 
providing a longer atmospheric column for accommodating more both natural 
and anthropogenic aerosols and (2) growth in the fine mode pollution (water 
soluble, e.g., sulfate) aerosols due to high RH give rise to higher AOD. AOD 
ratios higher than 1 indicate the seasonal differences in source strengths of 
natural and man made sources that contribute to AOD. In urban areas the local 
production of aerosols from anthropogenic activities such as fossil fuel 
combustion is not expected to significantly change during a year. Higher than 1 
AOD ratios over urban areas suggests seasonal variations in source strengths of 
natural aerosols, which, coupled with hygroscopic growth of fine mode aerosols 
results in higher AOD during summer monsoon season. The above results show 
that the ambient AOD levels over these locations are high because of production 
from local anthropogenic activities as the locations are urban areas. An increase 
in boundary layer height which results from strong convection in summer 
combined with the hygroscopic growth of fine mode aerosols from higher ambient 
RH overwhelm the wet removal of aerosols. These findings are supported by the 
higher AOD found during summer months. In addition the longrange transport of 
aerosols such as dust and sea salt during favorable wind conditions contributing 
to the AOD in this region cannot be ruled out.  
Ramachandran et al. (2008) studied the aerosol characteristics over entire 
India (comprises 28 states and 7 union territories with supporting data on: capital, 
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location, population, elevation and dominant source type). The study was 
undertaken by dividing India into seven regions and over these regions aerosol 
characteristics, their spatial and seasonal variations were discussed. The 
northeast was found to have the lowest annual mean AOD of 0.28. All the other 
regions from the northwest at the top to the south in the bottom have AOD in 
higher than 0.35. In the east the influence of dust transport/sea salt aerosols is 
minimal during the year, while the northeast India is dominated by natural 
biogenic sources. AOD was found to exhibit intra and interregional variations 
over India. High altitude locations are found to have lower AOD levels while 
densely populated locations have higher AOD. AOD are higher in the north and 
the east. High population density locations result in large aerosol sources due to 
fossil fuel consumption and bio-fuels used for cooking purposes which likely 
contribute in a significant way to higher AOD levels throughout the year. Monthly 
mean AOD patterns in different locations over India revealed several interesting 
features. A summer high and a winter low in AOD is observed in many locations. 
The AOD was found to be higher in locations which are densely populated and 
have large anthropogenic emissions. For example, in the north, AOD in Delhi and 
Lucknow are about 0.4 in winter which increase to 0.8 in summer. Monthly mean 
AOD in Patna, the capital of Bihar, is higher than 0.45 during January-December. 
The 5-year mean winter (DJF) AOD over Patna is 0.55 ± 0.06 which is close to 
the value of 0.6 observed for the state of Bihar in winter. The rural population in 
Bihar is high at ∼90% while in Patna it is 58%. Bihar is the third densely 
populated state in India and is associated with large aerosol sources because of 
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high fossil fuel and bio-fuel combustion. Low temperatures in winter combined 
with topography and aerosol sources help develop a concentrated pool of 
aerosol particles resulting in higher AOD. The north India during winter is quite 
cold and the boundary layer is shallow. The population density is quite high and 
many heavy industries are located in northern India. The anthropogenic aerosol 
emissions from fossil fuel and bio-fuel combustion contribute dominantly to the 
fine mode aerosol particles in winter. Trivandrum, a coastal station in the south 
India is found to show a Pre-Monsoon/summer peak in AOD which is attributed 
to the influence of sea spray aerosols. It is to be noted that AOD over Bangalore 
are lower than those seen over Hyderabad. Anthropogenic sources dominate the 
eastern India while in the northeast natural aerosol sources are predominant. 
This study indicates that production of aerosols, transport and transformation, 
and their removal vary in different regions which lead to differences in aerosol 
characteristics.  
AOD value at 500 nm obtained in the purely marine environment of 
Minicoy island situated at the southern tip of the Lakshadweep archipelago 
having a surface area of ~4.4 km2 and population of ~ 9500 was studied by Vinoj 
et al.(2008). They observed that monthly mean AOD values were as high as ~0.5 
in February and July and as low as ~0.15 during the October/November months. 
The Angstrom wavelength exponent calculated using the spectral aerosol optical 
depth in the wavelength interval of 380 to 850 nm showed a very clear pattern.  
The sharp fall in Angstrom wavelength exponent ‘α’ from about ~1.4 to ~0.4 
clearly indicates a fall in anthropogenic impact from the Indian subcontinent 
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especially during February through June and the revival during November to 
December Period.  Higher value of ‘α’ (1.5 to 2.1) are reported by Singh and 
Singh (2004) for the two western Himalayan sites, having the elevations of ~4.5 
km and 3.4 km respectively. These high values of α is the result of the reduced 
concentration of coarse mode aerosols at these high altitude stations. However, 
when there is an increase in their concentration due to transport by wind, then 
the spectra tend to flatten and α decreases. Based on the measurements from 
Persian Gulf, Smirnov et al (2002) have reported a low value of α (~0.7) when 
dust aerosol dominated in the atmosphere as compared to the dust free 
conditions (α~1.2).    
From the above discussion we can conclude that the AOD values over 
Rajkot are low in comparison to that of measured at other urban locations in 
India.  Month to month and seasonal variations in AOD values over Rajkot are 
more or less similar to that found at other Indian locations. Wavelength 
dependence of AOD is also seen over this location and estimated wavelength 
exponent and turbidity coefficient are comparable to that of estimated for 
elsewhere (as shown in the Table-3.2) for different seasons. Our results show 
that the measured value of AOD is in the range and more or less follow the 
similar seasonal pattern as reported by the others. 
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CHAPTER 4 
CHARACTERISTICS OF AEROSOL COLUMNAR SIZE 
DISTRIBUTIONS OVER RAJKOT 
4.1. Introduction 
It is well known that atmospheric aerosols are poly-disperse with sizes 
ranging from 10–3 µm to >102 µm. This poly-disperse nature of aerosols arises 
from a variety of production and removal mechanisms and the micro physical 
processes taking place in the atmosphere. The size distribution function 
describes how the physical properties such as number density or area or 
volume or mass of the aerosols are distributed as a function of their sizes. 
Aerosol size distribution indicates the effectiveness of different production and 
removal processes in the atmosphere and also controls their effect on various 
atmospheric processes. (Junge, 1963; Jaenicke, 1980, 1984). For example, 
for acting as cloud condensation nuclei (CCN), the aerosols should have a 
minimum size determined by the supersaturating ratio which is defined as the 
ratio of vapour pressure to the saturated vapour pressure (Hoppel et al., 
1986). Thus the overall cloud formation depends on the relative dominance of 
aerosols large enough to act as CCN, in addition to the super saturation. 
Theoretical modeling of the role of aerosols in acting as CCN for the formation 
of clouds and hence their indirect impact on the climate system requires a 
knowledge of aerosol size distribution(Quinn et al., 1993; Pandis et al., 1994; 
Russell et al., 1994). Similarly the size distribution strongly influences the 
radiative interaction of atmospheric aerosols and the spectral dependence of 
aerosol optical properties. The climate forcing due to aerosols strongly 
depends on their interaction with the radiation and thus on the size distribution, 
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besides the complex refractive index which determines the single scatter 
albedo. Knowledge of aerosol size distributions is essential for the remote 
sensing applications for developing methodologies for correcting satellite 
imageries, for atmospheric effects. The diffuse radiance due to aerosols 
reaching a remote sensing satellite is strongly dependent on the size 
distribution of aerosols (Nair and Moorthy, 1997). Thus the study of aerosol 
size distribution is quite significant. 
The size distribution of aerosols at any given location is mainly 
determined by the relative strength of different production and removal 
processes (Jaenicke, 1993; Raes, 1995; Schwartz et al., 1995). After 
production, the fine mode particle end of the size distribution is controlled 
mainly by coagulation and coarse mode particle end by sedimentation 
(Pruppacher and Klett, 1978). Besides, micro physical processes bring about 
continuous size transformations and are quite important in limiting the 
concentration of extremely small particles. In addition to the micro–scale 
aerosol mechanisms such as coagulation and condensational growth, larger 
scale atmospheric processes have profound effects on the size distribution 
(Hoppel et al., 1990; Arimoto et al., 1997). The synoptic processes such as 
changes in prevailing circulation system, rainfall, land surface heating and air 
mass types produce distinct signatures in the size distributions (Moorthy et al., 
1991; Smirnov et al., 1994). The size distribution of aerosols over marine 
locations depends on a number of additional processes including the transport 
of aerosol from the continents (Prospero, 1979; Prodi et al., 1983; Bergametti 
et al., 1989; Tyson et al., 1996), local aerosol production from bursting of 
bubbles associated with white caps produced by the action of winds on sea 
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surface (Woodcock, 1953; Monahan, 1968; Blanchard and Woodcock, 1980; 
Monahan et al., 1986; Fitzgerald, 1991; O’Dowd and Smith, 1993) and the 
processes like precipitation and non-precipitating cloud cycling (Hoppel et al., 
1986, 1990, 1994). The role of cloud condensation nuclei in modifying the 
cloud droplet size distribution and thus the cloud albedo over marine 
boundary layer is well established (Charlson et al., 1987; Russell et al., 1994).  
The studies on the optical properties of aerosols over Rajkot  
presented in Chapter-3 has indicated seasonal change in the spectral 
dependence of AOD associated with change in wind speed and wind direction 
suggesting possible role of the particle size spectrum. This aspect has been 
investigated in detail by the author by retrieving the columnar size 
distributions from the spectral values of AOD. This chapter describes the 
characteristics of aerosol size distributions retrieved from spectral optical 
depths measured at Rajkot during three year period from March 2005 to 
February 2008. The principle of the retrieval has been discussed in detail in 
Chapter-2.  The results are presented in the following sections and discussed. 
 
4.2.  Results 
While dealing with the monthly, seasonal and spectral variation of 
aerosol optical depths at Rajkot, it has been observed that there is a 
systematic change in the wavelength dependence of AOD from January-
March period to April-May period and during the subsequent months AOD 
became almost wavelength independent before returning to original pattern by 
December. It is clear that these changes are indicative of changes in the 
columnar size distribution (CSD) of aerosols associated with changes in the 
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environment which modify the source and sink characteristics as well as the 
transport processes. The above aspects are examined using the columnar 
size distribution retrieved from inversion of spectral AOD values over Rajkot 
and the results are discussed here with their implications. 
For studying the size distribution of aerosols, the representative 
columnar size distributions (CSDs) for each month have been retrieved from 
the monthly mean spectral optical depths following the inversion technique as 
described in chapter-2. The size distribution results are presented here in 
terms of dNc/dlog(r), which represent the number of particles per unit area per 
unit log radius interval in a vertical column through the atmosphere. Figure 4.1 
shows the columnar size distributions retrieved for different months for the 
entire data period of March, 2005 to February, 2008. During July and August 
of every year, MICROTOPS data could not be collected because of the 
adverse sky conditions. The retrieved 30 monthly representative CSDs are 
classified into two types namely, power-law type, and biomodal (mixture of 
power-law type and lognormal type). The results suggest an enhanced 
loading of coarse mode (natural origin) particles, which could be associated 
with an enhanced local activity such as wind-blown dust during April to June 
over this site. The CSDs during September to March fall under power-law type 
distribution followed by bimodal type from April to June in the radius range 
used in the present study. This feature is seen more or less every year   
(figure 4.1). The distributions for April, May and June clearly show bimodal 
characteristics indicating the presence of both marine and land aerosols. The 
retrieved CSD generally show a steep fall in columnar number density 
dNc/dlog(r) i.e., nc(r) with increase in r from 0.1 µm (at the lower particle size;  
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                     Figure 4.1: Columnar size distribution  for the year 2005 
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Figure 4.1: Continued (CSD for the year 2006) 
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Figure 4.1: Continued (CSD for the year 2006–07) 
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Figure 4.1: Continued (CSD for the year 2007–08) 
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depicting an inverse power law type dependence), followed by a well defined 
secondary mode (coarse particle; depicting a unimodal type distribution) as 
shown in Figure 4.1. At further coarser mode, the number density nc(r) 
decreases again with r (see Figure 4.1). In Figure 4.1, the nc(r) decreases 
initially up to r = 0.5 µm, where it falls by three orders in magnitude from its 
value 1012/m2/µm. From r = 0.5 µm onwards the value of nc(r) increases 
gradually, reaching a secondary peak (nc(r)~1010/m2/µm) at r = 1.0 µm and 
then continuously decrease with r. In such type of CSDs, for the fine mode 
aerosol particles, sometimes no mode is explicitly seen and at times its 
presence at radii below r1 is indicated by the slanting nature of the CSD 
towards the smaller values of r. Thus, the slanting nature of the size 
distribution indicates the occurrence of a fine mode at a value of r lower than 
the lower limit (r1) as considered in the inversion process. This is also 
physically justified as the number density cannot increase indefinitely because 
of the processes such as coagulation, which limits the concentration of the 
sub micron aerosols. This leads to the formation of an accumulation mode 
aerosols (Hoppel et al., 1990), by rapid transformation of nucleation mode 
aerosols to the accumulation (fine) ones. It has been observed that 9 CSDs 
(April to June 2005-07) out of all these retrieved CSDs can be analytically 
represented by a combination of power law and unimodal log normal 
distribution in the optically active size range and remaining 21 CSDs 
(September to March 2005-08) can be represented by power law types.  
With a view to examine the changes in columnar properties associated 
with the monthly changes in spectral AOD, the effective radius (Reff) of 
aerosols has been determined. The effective radius of a polydispersive 
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aerosol system is equivalent to the radius required for a monodisperse 
aerosol to exhibit the same total scattering characteristics as polydispersion 
(Hanseen and Travis, 1974; Mc Cartney, 1976). The monthly variations of the 
Reff with standard error bar are shown in Figure 4.2. Systematic seasonal 
pattern is seen in Reff. In the month of May–June, the value of Reff is high (~0.5 
µm) and low (~0.25 µm) during December-January as expected. The 
variability in the value of Reff is either larger or comparable to those seen in 
other Months. Reddy et al., (2007) reported that the Reff remains around a low 
value (0.12 to 0.14 µm) till the end of May and starts increasing from June 
onwards at Anantapur (Andhra Pradesh). It reaches the peak value        
(~0.45 µm) by the month of August with higher seasonal wind over Anantapur 
during 2005. 
On event day like dust storm day the CSD shows different behaviour in 
comparison to control day. For example, a typical size distribution during 
control day (April 02, 2005, before dust storm), dust storm event day (April 08, 
2005) and a control day (April 12, 2005, after dust storm)  is shown in a single 
plot (figure 4.3) to see clear difference in behaviour in the respective days. 
From the Figure 4.3 it is clear that the size distributions before and after dust 
storm event is bimodal with high primary peak, on event day it is bimodal with 
high secondary peak. Effective radii (Reff) are estimated for pre event, event 
and post event day are 0.37, 0.59 and 0.40 µm respectively. 
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Figure 4.2: Monthly variation of Effective Radius. 
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4.3.  Discussion 
The aerosol columnar size distributions retrieved for different months show 
consistent power-law type during September to March and bimodal 
characteristics during April to June months. The wavelength dependency of 
AOD depicts a positive curvature towards the longer wavelength in the case 
of the bimodal nature of the size distribution during April to June. The two 
modes can be attributed to two different production mechanisms, with the 
primary fine mode attributed to aged aerosols from secondary production 
processes while the secondary large particle mode appears to be associated 
with coarse marine aerosols. The coarse mode is generally occurring at a 
value of r > 0.5 µm, whereas the fine mode is not occurring below the value of 
r < 0.1 µm, lower than the lower limit considered in the inversion technique. 
The occurrence of such mode suggests the presence of large abundance of 
nucleation (r~0.001 to 0.1 µm) or accumulation (r~0.1 to 1.0 µm) mode 
aerosols over the site. The occurrence of such mode is to be expected as the 
location is urban, low altitude station lying in the central part of Saurashtra 
and away from the strong sources of aerosol production. As the size spectrum 
is indicative of the particular source and sink of aerosols to which each mode 
can be attributed, the bimodal nature of CSDs suggests two different sources 
of aerosols. However, the peak height of the accumulation mode is almost 2-
to-3 orders of magnitude less than that of the fine mode (Figure 4.1). Jaenicke 
(1984) and Hoppel et al. (1990) have suggested that the two modes observed 
in the CSDs are attributed mainly to two different production mechanisms: 
gas-to-particle conversion (GPC) and bulk-to-particle conversion (BPC) 
respectively. The primary small mode is attributed to the aged aerosols from 
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the secondary GPC processes or phase reaction products as well as 
associated with the human activity on the landmass (Ramanathan et al., 
2001). The GPC gives rise to particles size of the order of radius < 0.5 µm, 
while the BPC gives rise to the coarse mode particles of the order of radius > 
0.5 µm. After the production, the fine particles (r~0.1µm) of the size 
distribution are controlled mainly by the coagulation and condensation 
processes whereas the coarse mode particles (r > 0.5 µm) are mainly 
controlled by sedimentation (Pruppacher and Klett, 1978) and impaction 
scavenging processes. The nature of the size distribution between these radii 
limits reflects the aerosol sources, sinks and the aerosol transport, which have 
regional importance. Near the aerosol source, the aerosol characteristics are 
well associated to the generation or production mechanism, while it is quite 
different on a global or synoptic scale, when present at large distances from 
the source region. Moreover, the various microphysical processes bring out 
the continuous size transformations which are quite important in limiting the 
concentration of fine mode aerosols. The appearance of bimodal nature of 
CSDs is indicative of additional sources which are responsible for secondary 
mode aerosols. As the observational site is away from the major industrial or 
anthropogenic activities, the observed changes in the CSDs are brought in 
terms of either natural sources and sinks or other long range transport 
mechanisms. The long range transport is capable of bringing large amount of 
desert and mineral aerosols from the west Asian and the Great Indian Desert 
(Kuchh is situated in north-west of Rajkot) to the site and is responsible for the 
generation of secondary mode during the study period over the site. In 
addition to the advection by air masses, the increased solar heating of the 
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rocky area surrounding the measurement site during the summer season 
would result in the increased convection activity and the evolution of the 
atmospheric boundary layer (ABL) during daytime will cause lifting of the 
aerosols and pollutants to the higher altitudes. Hence the columnar content as 
well as the mass loading is increased during the summer seasons. Similar 
nature of size distribution is also reported near Indo-Gangetic basin by many 
investigators (Dey et al., 2004; Singh et al., 2004; Jethva et al., 2005). They 
reported that the bimodal nature of the size distribution is due to the mixing of 
different type of air masses, having different aerosol populations (Hoppel et al., 
1985) and the long range transport from the Great Indian Desert during 
summer. 
  Niranjan and Thulasiraman (1998) reported that the control day size 
distribution in the month of October 1995 over Vishakhapatanam (coastal 
industrial area) showed a clear bimodal form aerosol columnar size 
distribution, with primary mode around 0.1 µm characterizing the particulate 
population as being of industrial origin and the secondary mode at 0.82 µm 
which is typical of a sea salt component. Subbaraya et al., (2000) reported 
that the aerosol size distribution is normally bimodal and does not show a 
strong seasonal or interannual variation at Trivandrum (coastal and rural site). 
Raj et al.,(2002) studied aerosol size distribution from the AOD data collected 
at a few traffic junctions in the city of Pune, India. They found aerosol size 
distributions retrieved by inversion technique were predominantly power-law 
type with bimodal type in the month of May.   The aerosol properties over the 
Manora Peak, Nainital, have shown the well defined seasonal variations 
(Dumka et al., 2008 and 2009). Dumka et al., (2009) reported that during 
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winter and summer seasons the columnar size distributions are bimodal. That 
is the nature of size distribution is almost similar during winter and summer 
seasons. The columnar size distributions were studied over Gadanki (Tirupati) 
during February-March, 2003 by Srivastava et al. (2008). They found power-
law type distribution over there. Dani et al., (2003)  reported bimodal aerosol 
size distribution near the coast with maximum concentration of particles at 
primary mode around 0.2 µm radius and secondary mode around 1.0 µm 
particles of fairly high concentrations while power-law size distribution away 
from the coast over Bay of Bengal. Badarinath et al.,(2004) calculated the 
number size distribution of aerosols caused by biomass burning in Mizoram 
(Northeast) by using inversion of spectral variation of aerosol optical depth 
data.  
Besides the inversion technique aerosol number size distribution 
measurements with various methods at inland and coastal stations of India  
have also been performed. Murugavel and Kamara (1999) defined the size 
distribution by Electrical Aerosol Analyzer (TSI Inc.) in the size range        
0.03–1 µm at coastal station in Thiruvananthapuram. A study during the 
monsoon season of 1990 in the highly industrialised zone, Chembur-Trombay, 
of Mumbai measured the mass size distribution of aerosols using a multi-
stage Andersen Sampler (Khemani et al. 1994). The results indicated that 
coarse particles (>2.1 µm) accounted for 54.6% of total suspended particle 
(TSP) and fine particles (<2.1 µm) accounted for 45.4% during the rainy 
season. The aerosols showed a bimodal distribution, one peak in the fine size 
range and another peak in the coarse size range. In situ measurements of 
mass concentration of size-distributed aerosols were carried out using            
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a 10-stage quartz crystal microbalance cascade impactor (QCM-CI), which 
gives real time output data, with an upper cut of 25 µm in an industrial belt in 
an eastern suburban region of Mumbai (Sharma and Patil 1992a and 1992b). 
One important conclusion of the study was that the percentage of PM12.5 in 
PM25 was as high as 85%–90%, irrespective of sample collection and 
measurement techniques in the study. The percentage of PM3.2 in PM25 was 
found to be 58%–63%. Sharma and Patil (1991) reported the results on 
spatial and temporal variation of atmospheric particulate concentration using a 
QCM. The study was carried out at two locations in the Bhandup-Thane belt, 
an industrial belt in an eastern suburban region of Mumbai. The sampling 
period covered the winter season, said to be the worst period for pollution, 
from October 1989 to March 1990. Particles were segregated into 10 size 
fractions with aerodynamic diameters ranging from 25 µm to 0.05 µm. The 
average concentrations of particles smaller than 12.5 µm and 6.4 µm— 
PM12.5 and PM6.4—were found to exceed the standards set by US EPA for 
PM10. Diurnal measurements showed that concentrations of size-fractionated 
particles were higher at night than during the day for the most part. The 
concentrations of aerosols smaller than 3.2 µm increased with height from the 
ground and reached a maximum around 9 m, and then decreased above this 
height. In general, more than 85% of aerosols (all of which were smaller than 
25 µm in diameter) were smaller than 12.5 µm. Kumar (1998) carried out a 
study in Mumbai using Atmospheric Corrosion Monitor (ACM) at two traffic 
junctions in the period July-September 1991. The samples were collected on 
an hourly basis during the day, mostly on wet days. Since the soil surface was 
wet, re-suspension and re-entrainment of soil should have been minimal, and 
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the data would be expected to represent the particle size distribution related 
to vehicular emissions. The results showed that more than 96% of the PM25 
aerosols were less than 12.5 µm. Size-fractionated aerosol samples were 
collected at a suburb of Agra during December 1992–March 1993 at a height 
of 8 m above ground using an eight-stage Andersen cascade impactor 
(Kulshrestha et al. 1995c, 1998). The results indicated a bimodal distribution 
and 52% of the particles were smaller than 2 µm in diameter. Using an eight-
stage Andersen sampler, a group in Delhi studied the size distribution in 
winter (between October 1998 and December 1998) at a height of 12 m 
above ground level (Gadi et al. 2000). Fine particles (<2 µm) contributed 68% 
to the total mass of PM10. Size-fractionated aerosol samples were collected 
from two ambient monitoring sites in Mumbai during the winter of 1996-1997 
using an eight-stage Andersen sampler (Venkatraman, Thomas and Kulkarni 
1999). The particle size distributions were bimodal with a fine mode mass 
median diameter of 0.38-0.45 µm, and a coarse mode mass median diameter 
of 2.7-4.7 µm. About 55% of particle mass was in the sub-micron range. 
Nautiyal (2000) carried out a study in Mandi-Gobindgarh, an industrial town, 
and in Morinda, a non-industrial town, in Punjab using a two-stage fractionator 
(PM2.5 and PM10, sequential filter unit) from August 1999 to May 2000 in 
both areas. The levels of PM2.5 varied from 24 µg m-3 to 90 µg m-3 in Morinda 
and 32 µg m-3 to 100 µg m-3 in Gobindgarh. The PM2.5/PM10 ratio was found 
to be 0.42 at both sites. From the cruise expeditions conducted onboard the 
Oceanographic Research Vessel Sagar Kanya during 1996–2000 over the 
Arabian Sea and the tropical Indian Ocean, aerosol mass concentrations and 
size distributions are measured in situ in the radius range of 0.025–12.5 µm 
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and are analyzed by Ramachandran and Jayaraman (2002). They studied the 
monthly and yearly mean variabilities and trends in aerosol characteristics 
during December–April over these oceanic regions. They reported that the 
aerosol mass concentrations over Coastal India in the coarse, accumulation, 
and nucleation modes were higher than those measured over the Arabian 
Sea and the tropical Indian Ocean. The coarse mode was found to contribute 
about 20% over Coastal India, the Arabian Sea, and the tropical Indian Ocean. 
Over all the three regions, the accumulation mode contribution was more or 
less similar and lies in the range of 42–48%. The nucleation mode aerosols 
were found to contribute about 32% over Coastal India, 39% over the Arabian 
Sea, and 30% over the tropical Indian Ocean. Lognormal fits made to the 
aerosol size distribution indicated that the Coastal India, the Arabian Sea, and 
the Indian Ocean region measurements could be fitted with three modes. The 
size distributions were found to peak at ~0.03, 0.1, and 1.5 µm. The widths of 
the size distributions show little variations, indicating that while the influx and 
production of aerosols influenced mainly by meteorological conditions have 
changed, the physical processes responsible for the shape of the distribution 
have remained the same over the 5-year period. The number densities 
obtained over Indian Ocean region are found to be the highest ever measured 
when compared with other oceanic regions. The size distributions in the 
nucleation mode have more than an order of magnitude higher number 
density when compared with maritime models. The total aerosol number 
density (N) and the effective radius (Reff) of the aerosol size distributions track 
the variations of mass concentration and number density distributions. Latha 
et al., (2003) derived the number size distribution from mass size distribution 
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measured by quartz crystal microbalance for the particles in the size range 
0.260–4 µm by assuming a spherical shape for all the particles with the 
density of 2 g cm-3 in Hyderabad and Anantapur.   
From the above discussion we conclude that the ambient air over 
Rajkot is not highly polluted in comparison to that of any densely polluted 
cities of India. The bimodal distributions in April to June suggest that during 
this period mixed aerosols (dust driven, marine as well as local and 
transported aerosols) are present in the air. During September to March most 
of the days have pristine environment over here that is fine mode particles are 
dominant as the columnar size distribution over here shows power-law type 
(In this post-monsoon season, there is washout of coarse mode particles from 
the atmosphere and there is no dust aerosol loading in to the atmosphere due 
to local production). There is an increase in the effective radius and columnar 
aerosol mass loading from January to June, attributed to the increase in the 
relative dominance of coarse mode aerosols in the size spectrum during April 
to June. Decreasing value of the effective radius from September to 
December indicates the reduction of coarse mode aerosols from the 
atmosphere. 
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CHAPTER 5 
AEROSOL CHARACTERISTICS DURING DUST STORM 
 
5.1. Introduction  
A dust storm is a meteorological phenomenon common in dry, arid and 
semi-arid regions. In aerosol science, dust refers to airborne mineral particles, or 
soil dust. The source regions are mainly deserts, dry lakebeds, and semi-arid 
desert environments. The lifetime of atmospheric aerosols depends on particle 
size; large particles are quickly removed from the atmosphere by gravitational 
settling, while sub-micron size particles can have atmospheric lifetimes of several 
weeks. The lifetime of atmospheric aerosols of any size also depends on their 
altitude above ground. Dust clouds are formed when the friction from high 
surface wind speeds (>5m/s) lifts loose dust particles into or above the 
atmospheric boundary layer (Gillette, 1978). Gu et al. (2008) reported the basic 
properties of movement of dust particles.  Small particles with diameter of 0.04 
µm were able to form a rolling cylinder and to be lifted easily to a certain height. 
0.1 µm dust particles spiraled upwards like a cone with a small cone angle. 
Particles with diameters of 0.16 µm and 0.3 µm were obviously thrown outward 
with limited lifting height and fell back to the ground (Gu et al., 2008). The 
transport of desert dust from Asia to the North Pacific atmosphere is well 
documented (Husar et al., 1997) and results in a maximum in aerosol loading 
during spring (March, April and May). Windblown dust originating from the arid 
deserts of Mongolia and China is a well-known spring time meteorological 
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phenomenon throughout East Asia. Reports of successive outbreaks of 
extremely dusty air from the Saharan desert with high turbidity and strong 
attenuation of solar irradiance are observed each year in Cairo and Alexandria, 
Egypt (Sabbah et al. 2001). Dust from East Asia is typically of mineral type (e.g. 
Park et al., 2005), while limited studies suggest it of mixed type over South Asia 
(Satheesh and Moorthy, 2005). Globally, there have been different studies on 
dust storms using satellite and ground based observations (Prospero, 1999; 
Washington et al., 2003). Such studies in Asian region are largely focused on 
dust storms originating from East Asia during Spring, mainly in April (Husar et 
al.,2001). However, studies on dust storms are sparse over South Asia, where 
dust storms are observed in May and June with frequency of 8 to 10 per month 
(Dey et al., 2004). The Great Indian Deserts (Thar Desert and Kutchh Desert), 
along   the eastern Pakistan and Saudi Arbia is one of the major sources of 
atmospheric dust for this region. It has been observed that during the long-range 
transport over the polluted regions, dusts mix with anthropogenic aerosol 
species, thereby suggesting that the dust radiative impact is highly variable from 
region to region (Deepshikha et al., 2005). Despite being large sources of dust 
storms in South Asia, studies on long-range transport of dust from Indian region 
are very few and are limited to Indo-Gangetic basin (Dey et al., 2004; 
Deepshikha et al., 2005; Moorthy et al., 2007; Hegde et al., 2007). In the Ganga 
basin in North India, dust storms occur frequently during the pre-monsoon (April-
June) season every year (Middleton, 1986; Dey et al., 2004).  Hegde et al., 
(2007) studied the aerosol characteristics during South Asian dust episode on 13 
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June 2006 at Nainital (29.40 N, 79.50E, 1958 m amsl). Signature of dust storm is 
observed every year frequently in the months of April, May and June over Rajkot 
but frequency of occurrence is very poor. Sometimes dust storm is observed in 
the month of February also. Natural aerosol forcing, mainly induced by dust, is 
shown to be about 1.5 times higher when compared to that of anthropogenic 
aerosol forcing over South Asia (Satheesh and Srinivasan, 2002). The present 
Chapter deals with the optical and physical properties of aerosols during two 
major dust outbreaks (April 2005 and April 2006). The day-to-day variations in 
AOD, Ǻngström parameters and size distributions of aerosols during these dust 
storms are presented here. The characteristics of aerosol during control days 
and event days are compared. The possible path way of transported dust during 
both events has been studied and reported with help of backward trajectory 
analysis and Total Ozone Mapping Spectrometer (TOMS) Aerosol Index (AI). 
This chapter also reports the observed significant variation in ambient 
temperature during both dust storm events. Though such dust storms will have 
important influence on radiation budget, its estimate is not attempted in this 
chapter. 
Columnar Aerosol Optical Depth (AOD) at six different wavelengths 
covering from UV to NIR (380–1020 nm) have been retrieved and studied during 
two dust storm episodes. One dust storm was generated in April, 2005 and the 
other one was in April, 2006; both were transported from Thar desert over to 
Rajkot (22o18′ N, 70o44′ E and 142m above sea level), India, located downwind 
the arid regions of Western India and Eastern Pakistan. Two hand held 
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microprocessor based sun photometers, MICROTOPS II (version 2.43 and 5.5) 
were used to monitor the AOD. During event days the windows of MICROTOPS 
II sun photometers were cleaned twice in a day to remove the contamination of 
dust aerosol deposited on the windows. As per the details provided by the 
supplier, the calibration relies on a high-performance voltage reference with the 
temperature coefficient >0.001% per degree Celsius and long-term stability of 
~0.005% per year. The full width at half maximum bandwidth at each of these 
wavelength channels is 2.4 ± 0.4 nm, and the accuracy of the sun-targeting angle 
is better than 0.10. Great care has also been taken to avoid any error in sun 
targeting the MICROTOPS II by mounting the instruments on a tripod stands. 
Following sections deal with the possible path way of transported dust and 
results showing aerosol characteristics during dust events. 
 
5.2. Source and Transport of the Dusts 
With a view to study the role of transport in carrying the dust particles over 
Rajkot during the dust events, 5-day trajectories have been computed using the 
Hybrid Single-Particle Lagrangian Integrated Trajectory (HY-SPLIT) model of the 
National Oceanic and Atmospheric Administration (NOAA), United States 
(available at http:// www.arl.noaa.gov/ready/hysplit4.html) for both the events. 
Figures 5.1a, b show 5-day backward trajectories from 7 April 2005 and 10 April 
2006 respectively, to locate the path of the dust-carrying air mass to the region at 
three altitudes, viz 600 m, the mixed layer; 1500 m, above the boundary layer 
where the dusts are lifted by convection and transported over long distance; and 
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2500 m, the relatively free troposphere. The wind in the mixed layer is 
responsible for raising the loose soil dust particles in the atmosphere. In both the 
trajectories, air mass has been close to the surface while passing over the 
western Thar Desert before reaching at Rajkot. Also, it is evident that the air 
mass at 2500 m altitude is coming from the Middle East regions in both cases.  
Figure 5.2 shows variation of Total Ozone Mapping Spectrometer (TOMS) 
Aerosol Index (AI) (The AI data from TOMS is available free from the NASA 
Goddard Earth Science Data Information Services Center –
http:/acdisc.gsfc.nasa.gov/) during both the dust events over Rajkot, which 
shows regional distribution of aerosols. The AI ranging from 1.7 to 3.2 (Dey et al., 
2004) in the images marks the spreading of the dusts in the atmosphere. The 
dusts were seen over the Thar region on 5 April 2005 and then spread over 
north-west India on 7 and 8 April.  Similar observations have also been made on 
10, 11 and 12 April 2006. Higher AI values have been observed over Rajkot in 
the most intense dust storm event of 10 April 2006 showing a pronounced effect 
on the optical properties of the aerosols. Both from the trajectory and AI images, 
it is clear that the dust originated from the Thar Desert. The backward trajectory 
on 10 April 2006 (figure 5.1b) shows that the wind in the mixed layer, very close 
to the surface, was flowing from the west toward Rajkot from 4th April 2006. The 
regional distribution of aerosols interpreted from AI images corresponds well with 
the changes in the optical properties observed in Rajkot. The transport paths are 
also favorable to bring the aerosols in and out of Rajkot. The optical properties 
have been found to change in response to the changing nature of the aerosol 
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Figure 5.1a: NOAA-HYSPLIT model run backward wind trajectory analysis 
at 600, 1500 and 2500 m altitude from 3-7 April, 2005 at Rajkot, India. 
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Figure 5.1b: NOAA-HYSPLIT model run backward wind trajectory analysis 
at 600, 1500 and 2500 m altitude from 6-10 April, 2006 at Rajkot, India. 
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Figure 5.2a: Total Ozone Mapping Spectrometer (TOMS) aerosol index 
images showing the source and the progressive movement of 
the dusts over Rajkot during the dust storm event 7– 8 April, 
2005. 
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14th April, 2006   15th April, 2006 
 
 
 
Figure 5.2b: Total Ozone Mapping Spectrometer (TOMS) aerosol index 
images showing the source and the progressive movement of 
the dusts over Rajkot during the dust storm event 10– 11 April, 
2006 Continued. 
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loading over the measurement site. Unfortunately, because of the nonavailability 
of chemical data it is difficult to comment on the source of the dusts in terms of 
mineralogy; but the back trajectories and AI images clearly indicate the transport 
of dusts from the western Thar Desert over this region during the dust storms. 
 
5.3. Meteorological condition over Rajkot 
Figure 5.3a shows the wind pattern on 5 –15 April, 2005 and Figure 5.3b shows 
the wind pattern on 5 –16 April, 2006. Wind blew over Rajkot from north-west 
direction with average speed 5.5 m/s on 7 and 8 April, 2005. During 2006 event 
wind blew with average speed 4 m/s from north-west direction. From Figure 5.1a 
and Figure 5.3a it can be assumed that the dust cloud transported from Thar 
desert to Rajkot on 7th April, 2005 similar situation also arises for the second 
event in April 2006. Figure 5.4a & b show day-to-day variation in noon time 
ambient temperature and relative humidity during 5-15 April, 2005 and               
5-16 April, 2006 respectively. From these two plots it is noticed that the ambient 
temperature was decreased during both the events when AOD took moderate 
values. 
 
5.4.  Results 
To study the characteristics of dust aerosols and their role in regional 
weather, two dust storm events and their effects on ambient temperature have 
been studied and reported here. The signature for one dust storm event was  
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Figure 5.3: (a) Daily average variation in wind speed and wind direction for 
5-15 April, 2005 at Rajkot.  
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Figure 5.3: (b) Similar to above but for 6-16 April, 2006 at Rajkot.  
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Figure 5.4: (a) Daily average variation in temperature and relative humidity 
for 5-15 April, 2005 at Rajkot.    
 
 
  
35
36
37
38
39
40
41
4 6 8 10 12 14 16 18
Day of April, 2006
Te
m
pe
ra
tu
re
, 0
C
0%
5%
10%
15%
20%
25%
30%
35%
R
el
at
iv
e 
H
um
id
ity
, %
Temp °C RH
 
Figure 5.4: (b) Similar to above but for 5-16 April, 2006. 
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sustained over here from 7th to 8th April 2005 and for the other one the duration 
was from 10th to 11th April 2006. 
 
5.4.1.  Aerosol optical depth and Ǻngström parameter 
AOD, wavelength exponent, turbidity coefficient and Aerosol size distribution 
(ASD) were studied during control days and event days (dust storm events). The 
day-to-day variability of spectral aerosol optical depth at Rajkot during the dust 
storm periods are shown in Figure 5.5 a & b for April, 2005 and April, 2006 
respectively. AOD, at 500 nm, increases from the average value of 0.34 on 
control day to the values ~ 0.74 and 0.79 during the major dust event days of 
April 8, 2005 and April 10, 2006 respectively. On 10th April, 2006    (figure-6b) the 
wavelength exponent α became lowered from 0.72 to 0.08 and turbidity 
coefficient β reached higher value 0.712.  Wavelength exponent, α estimated at 
470 nm and 660nm wavelengths obtained from MODIS Terra satellite as shown 
in Figure 5.7 a & b for these two events are also consistent with Figure 5.6a & b.  
 
5.4.2. Aerosol Mass and Size Distribution 
Aerosol columnar mass concentration obtained from MODIS Terra 
satellite for these two events are plotted in Figure 5.8a & b. It is clearly seen that 
Aerosol columnar mass concentration is very high during both the events. The 
mass concentration was raised up to 43 µg per square cm during April 2005 and 
up to 60 µg per square cm during April 2006. Normally mass concentration lies in 
the range of 10 to 25 µg per square cm in the month of April.   
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Figure 5.5:(a) Variation of AOD at 380, 440 and 500 nm during event days  
(7– 8 April, 2005)  
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Figure 5.5:(a) Continued but for 675, 870 and 1020 nm. 
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Figure 5.5:(b)  Variation of AOD at 380, 440 and 500 nm during event days  
(10–11 April, 2005 
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Figure 5.5 : (b) Continued but for 675, 870 and 1020 nm. 
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Figure 5.6: (a) Variation of wavelength exponent and turbidity coefficient  
for the  dust event (7– 8 April, 2005) at Rajkot.  
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Figure 5.6: (b) Similar to above but for the dust event (10 – 11 April, 2006) 
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Figure 5.7: (a) Variation of wavelength exponent taken from MODIS satellite  
for the dust event (7-8 April, 2005). 
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Figure 5.7: (b) Similar to above but for the dust event (10 – 11 April, 2006) 
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Figure 5.8: (a) Variation of mass concentration taken from MODIS satellite  
for the dust event (7-8 April, 2005). 
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Figure 5.8: (b) Similar to above but for the dust event (10–11 April, 2006) 
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The variability of aerosol size distribution at Rajkot for event days (7th April, 2005 
and 10th April, 2006) and control days (rest of the days of April) of background 
aerosol are shown in Figure 5.9a & b.  The observed size distribution during the 
dust outbreak days is bimodal with large amounts of coarse and fineparticles 
transported to the site consistent with smaller wavelength exponent α (Ogunjobi 
et. al.2003). The columnar concentration of number density of aerosol particles 
(r~ 0.12 µm) during control days is of the order of 1013 and during event it is of 
the order of 1010. The number densities of the aerosol particles (r ~ 0.47 and 0.64 
µm) were increased by a factor of 10.  The larger size aerosol particles were 
removed from the atmosphere shortly as seen from the Figure 5.9a & b. From 
figure 5.9 a & b it is concluded that pre and post dust storm columnar size 
distribution (CSD) was bimodal with high primary peak  while during dust storm 
events it is bimodal distribution with high secondary peak as expected. The result 
is consistent with other parameters estimated during these events. Effective radii 
(Reff) estimated during both events are plotted in the Figure 5.10a & b. Here we 
see that the Reff is comparatively higher during the duration of the events than 
during pre and post events. 
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Figure 5.9: (a) Variation of columnar size distribution of Aerosol for the 
dust event (7– 8 April, 2005) and rest of the observational 
days in April 2005. During the event secondary peak is 
higher than primary peak. 
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Figure 5.9: (b) Variation of columnar size distribution of Aerosol for the 
dust event (10–11 April, 2006) and rest of the observational 
days in April 2006. During the event secondary peak is 
higher than primary peak. 
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Figure 5.10: (a) Variation in Effective Radius during the dust event                    
     (7–8 April, 2005) 
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Figure 5.10: (b) Similar to above but for the dust event (10–11 April, 2006) 
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5.5 Discussion 
 Ground based observation and MODIS observations at Rajkot have 
provided a good evidence of influences of dust storm over measurement site. 
The spectral aerosol optical depth (AOD) values showed two to four times 
increase, particularly at longer wavelengths, suggesting the increase in the 
columnar loading of coarse mode particles during the event days. This is also 
confirmed by higher values (0.69) of turbidity coefficient β and near zero value 
(0.063) of wavelength exponent α. Arrival of air masses from dry areas of the 
Thar Desert regions is seen during the dust episode using air back-trajectories. 
Similar findings is also reported by Niranjan et.al., 2007 for hazy sky days. They 
also found the value of α decreased from 1.47 during clear days to 1.22 for hazy 
days. In the present study the wavelength exponent α got lowered form 1.12 
before dust event to 0.063 during dust event and turbidity coefficient β got higher 
value 0.69 on 8th April, 2005 (Figure 5.6 a).  The lower values of α and the 
higher values of β confirm the presence of coarse mode particles and aerosols 
loading respectively (Holben et al., 2001; Srivastava et al., 2008). It is also 
interesting to note that at higher average value of AOD (>0.55), the alpha 
parameters being less than 0.6 indicates strong contribution to extinction from 
large dust aerosol particles (Ogunjobi et al., 2003 and Pinker et al., 2001). 
Results obtained in the study reported by Sabbah et. al 2001 in Alexandria show 
that the wavelength exponent α was around zero during the Kamaseen storms 
characterized by heavy dust with optical thickness above 1.0. In another related 
study, Vaughan et. al 2001 analyzed the April 1998 Asian dust over the Columbia 
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plateau. The results showed that aerosol optical thickness reached an event high 
of 0.43 on April 27 while the Ǻngström exponent α reached a minimum of ~0.2.       
Ogunjobi et. al (2003) reported a brief survey of research literatures of Asian dust 
storms in their paper. During investigation Ogunjobi et. al. (2003)  found that for 
the period of major dust event days in 1999 and 2001 the AOD increased from 
the spring average value of 0.43 at 501nm to values >0.70 and computed 
Ǻngström exponent showed dramatic changes from high values ~1.28 to low 
values ~ 0.35 on dust day periods with a sharp increase in the single scattering 
albedo. The dust cloud dissipated when the particles were removed from the 
atmosphere by dry and wet removal processes. Dispersion by vertical, axial, and 
lateral mixing of air masses is responsible for the dilution of dust concentration 
(Husar et.al. 2001). Hegde et al.,(2007) studied one south Asian dust episode 
over Nainital (29.40 N, 79.50 E, 1958 m amsl) on 13 June 2006. They reported 
that Aerosol number concentrations in the coarse and giant modes on 13 June 
2006 were found to be five and ten times higher compared to their respective 
monthly mean values. Aerosol optical depth values also showed two to four times 
increase, particularly at longer wavelengths suggesting increase, in the 
concentrations of coarse and giant particles. This was supported by three to five 
times increase in Angstrom turbidity coefficient and significant reduction in 
Angstrom wavelength exponent. Signatures of two dust storm events over Rajkot 
(April, 2005 and April, 2006) were short-lived (a few days). Higher the value of β 
and lower the value of α in present study indicates higher aerosols loading and 
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the dominance of coarse mode particles over the measurement site. Following 
are the major findings:  
1. During dust storm events AOD is high at higher wavelengths. 
2. The very low value of wavelength exponent α during dust event and high 
value on control day indicate that the coarse mode particles are 
dominated during these events. 
3.  The inverse relation between wavelength exponent and turbidity 
coefficient with good anti-correlation sustains during such events. 
4. The decreasing magnitude of ambient temperature at noon time observed 
during both events indicates enhancement in back scattering of incoming 
solar radiation at certain size range and concentration of aerosols. 
5. Columnar mass concentration was increased two to three times with 
normal. 
6. Estimated size distributions were bi-modal during dust period while pre 
and post event period the estimated size distributions were almost power-
law type distributions. 
7. The effective radius was estimated ~ 0.6 µm during dust storm events and       
~0.3 µm during pre and post dust storm events. 
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CHAPTER 6 
SUMMARY AND FUTURE WORK 
 
6.1. Introduction 
 
The results of the studies of characteristics of atmospheric aerosols 
obtained using MICROTOPS II sun photometer measurements at Rajkot have 
formed the basis of this thesis. This chapter holds in it the summary of the thesis 
with emphasis on the important results obtained and conclusions evolved from 
the study are presented. Aerosol Optical Depth at six wavelengths (380, 440, 
500, 675, 870 and 1020 nm) are measured at Rajkot during the period         
2004–2008 and studied for the first time. Wavelength exponent α and turbidity 
coefficient β are derived from the measured AOD using Angstrom relation. 
Monthly and seasonal variations of AOD, α, β and the correlation between them 
are studied. The measured AOD at 500 nm has been compared with the satellite 
based measurement of AOD at 550 nm with appropriate wavelength translation. 
With the help of linear inversion technique aerosol columnar size distributions 
over this location have been estimated using measured AOD and discussed in 
this thesis. The aerosol characteristics during dust storm period are also studied. 
The results of the above studies are summarized in this chapter. 
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6.2. Summary 
As a background to the thesis, Chapter 1 describes an introduction of 
atmospheric aerosols, their production mechanisms (natural and anthropogenic), 
their classification on the basis of their sizes and different origins and their role in 
different atmospheric phenomena. A general overview of literature related to 
aerosol research in India and elsewhere with a brief mention of the importance 
and scope of the study to our day to day life is included in this chapter. 
Chapter 2 describes the measurement techniques and a general 
description of the instrument used for this work. The method used to obtain the 
aerosol optical depth from spectral measurements of solar intensity is discussed.  
Lambert-Beer-Bouguer law to derive AOD and Langley plot technique to derive 
the solar radiation intensity at the top of the atmosphere is also discussed. To 
characterize the aerosol physical and optical properties, the parameters like 
aerosol optical depth, wavelength exponent, turbidity coefficient, and aerosol 
columnar size distribution are derived. 
 Chapter 3 describes the observations and the results obtained for the 
day to day and seasonal variations of AOD over Rajkot during the observation 
period of three years i.e. from March 2005 to February 2008. The monthly mean 
aerosol optical depth exhibits an oscillatory annual variation with a prominent 
peak occurring during May-June months. The AOD decreases from September 
to December at all wavelengths. The AOD at 870 nm shows gradual increase 
from January to June and it decreases onwards from September. This feature is 
also held by the AOD at 1020 nm.  Day to day variations in AOD within a month 
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are small during January- February months and highest during June when the 
surface wind speed show high values and large variations. The monthly 
variations of AOD are generally associated with those of the monthly mean wind 
speed. 
Annual patterns of seasonal variability in AOD show more consistency at 
longer wavelengths than at smaller wavelengths (380 nm). In all 3 years, AOD at 
1020 nm has been lower and comparable (within ±1σ variation) during dry and 
Post-Monsoon seasons, while higher values are obtained during Pre-Monsoon 
and Monsoon seasons of the same year. Also, from Dry to Pre-Monsoon season, 
we notice an increase in AOD at all six wavelength channels. Angstrom 
parameter α is calculated using AOD values for all the channels (from 380 to 
1020 nm) and is also computed for two different wavelength pairs, namely, 380–
500 and 500–1020 nm. We find that the values computed using the complete 
spectrum are almost same as those computed for the longer wavelength pair of 
500–1020 nm in all seasons, except during Dry and Post-Monsoon seasons, 
when a value derived for the shorter wavelength pair is found to be smaller than 
its corresponding values derived for larger wavelengths. Nevertheless, the 
patterns of seasonal variation of  α computed using all the three wavelength pairs 
are similar. Turbidity coefficient β  shows inverse relation with wavelength 
exponent. The columnar aerosol properties over Rajkot closely resemble that of 
a typical mixture of marine and continental arid environment during Monsoon 
season, while it behaves almost like a polluted and anthropogenically influenced 
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continental site during Dry season, with the synoptic transition periods (Pre-
Monsoon and Post-Monsoon) coming in between.  
A good comparison is found between AOD derived from MODIS and 
MICROTOPS II during January–December. The absolute difference between 
MODIS and MICROTOPS II AOD was found to be low (0.02 ± 0.013) during Dry 
season (December to March), (0.05 ± 0.03) during Pre-Monsoon, high (0.07 ± 
0.03) during Monsoon and (0.04 ± 0.04) during post monsoon over Rajkot. 
While dealing with the monthly, seasonal and spectral variation of aerosol 
optical depths at Rajkot, it has been observed that there is a systematic change 
in the wavelength variation of AOD from January-March period to April-May 
period and during the subsequent months AOD became almost wavelength 
independent before returning to original pattern by December. From the above 
results it is clear that these changes are indicative of changes in the columnar 
size distribution (CSD) of aerosols associated with changes in the environment 
which modify the source and sink characteristics as well as the transport 
processes. The above aspects form the basis of Chapter 4. For studying the size 
distribution of aerosols, the representative columnar size distributions (CSDs) for 
each month have been retrieved from the monthly mean spectral optical depths 
following the inversion technique described in chapter-2. The retrieved 30 
monthly representative CSDs (from March 2005 to February 2008) are classified 
in to two types namely, power-law type, and biomodal (mixture of power-law type 
and lognormal type). The results suggest an enhanced loading of coarse mode 
(natural origin) particles, which could be associated with an enhanced local 
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activity such as wind-blown dust during April to June over this site. The CSDs 
during September to March fall under power-law type distribution followed by 
bimodal type from April to June in the radius range used in the present study. 
This feature is seen more or less every year. The distributions for April, May and 
June clearly show bimodal characteristics indicating the presence of both marine 
and land aerosols. It has been observed that 9 CSDs (April to June 2005-07) out 
of all these retrieved CSDs can be analytically represented by a combination of 
power law and unimodal log normal distribution in the optically active size range 
and remaining 21 CSDs (September to March 2005-08) can be represented by 
power law types. With a view to examine the changes in columnar properties 
associated with the monthly changes in spectral AOD, the effective radius (Reff) 
of aerosols has been determined. Systematic seasonal pattern is seen in Reff. In 
the month of May–June, the value of Reff is high (~0.5 µm) and low (~0.25 µm) 
during December-January as expected.  
Two dust storm events observed from Rajkot during 7-8 April 2005 and 
10-12 April 2006 are studied using sun photometer. The general characteristics 
of aerosol during natural events like dust storm events have been described in 
Chapter 5.  During dust storm events AOD is high at higher wavelength. The 
very low value of wavelength exponent alpha during dust event and high in clear 
sky condition indicate that the coarse mode particles are dominated during these 
events. The inverse relation between wavelength exponent and turbidity 
coefficient with good anti-correlation sustains during such events. The 
decreasing magnitude of ambient temperature at noon time observed during both 
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events indicates enhancement in back scattering of incoming solar radiation for 
certain size range and concentration of aerosols. Columnar mass concentration 
during dust event was found to increase two to three times compared to normal. 
Estimated size distributions were bimodal with high secondary peak during dust 
period and rest of the days the estimated size distributions were bimodal with 
high primary peak. The effective radius was estimated ~ 0.6 µm during dust 
storm events and ~0.3 µm during pre and post dust storm events. 
Chapter 6 summarizes the salient results of physical and optical 
parameters like AOD, wavelength exponent, turbidity coefficient and size 
distribution. This chapter indicates the perspectives for future work given 
hereunder the following section.   
 
6.3. Future work 
The Quartz Crystal Microbalance (QCM), High Volume Sampler and 
Aethalometer have been used along with MICROTOPS II to collect data since 
May 2008. The complete characterization of aerosol over this location is thus 
possible using the data set obtained from these arrays of instruments. Followings 
are the major thrusts: 
? The surface size distribution of aerosol can be estimated using QCM data. 
The knowledge of the surface size distribution can be used for deriving 
altitude profiles of aerosol number density. From this, the mixing region 
aerosol optical depth can be determined and this when reduced from the 
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columnar aerosol optical depth can give information about the background 
free-tropospheric aerosol optical depth. 
 
? The columnar aerosol optical depth spectra with the near-surface aerosol 
optical depth spectra (estimated from the retrieved size distribution by 
employing Mie theory on QCM data) can be used to infer the aerosol 
scale heights for different seasons. 
 
? The surface aerosol number size distribution and scale height form two 
important region specific characteristic inputs to radiative forcing 
estimates. This along with the AOD spectra can be used to estimate the 
regional aerosol forcing and its seasonal changes. 
 
? Black Carbon in ambient air is being measured since May 2008 using 
Aethalometer. This is useful for estimation of radiative forcing. 
    The above said two aspects are undertaken under ARFI project. 
 
? Using HVS data chemical composition of aerosols over this site can be 
investigated. This information is useful for calculation of refractive index 
and to trace the source of transported Aerosols.  
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